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ABSTRACT
Ion-exchange is  e sse n tia lly  a m a ss  tr a n s fe r  p ro c e s s  w here  one sp ec ie s  of 
ion In a  r e s in  p h ase  is  exchanged fo r a d iffe ren t sp ec ie s  of ion in  the liqu id  
p h a se . T he p ro p e r  design  of ion-exchange u n it o p era tio n  equipm ent re q u ire s  a 
knowledge of the r a te  of io n -ex ch an g e . One p iece  of in fo rm atio n  needed  is  the  
in te rd iffu sio n  co effic ien t th a t d e sc rib e s  the r a te  of exchange w ithin the ion ex ­
change re s in  b ead . T h is p a ra m e te r  Is d e te rm in ed  in the  la b o ra to ry  by ob ta in ­
ing exchange r a te  data  fo r  the  p a r tic u la r  sy s te m  d e s ir e d . T h is w ork  is  a  study 
of th is  ex p erim en ta lly  d e te rm in ed  in te rd iffu sio n  co effic ien t.
T h e o rit ic a l c o n s id e ra tio n s  have shown th a t th is  in te rd iffu sio n  coeffic ien t 
is  a v a r ia b le  w hose m agnitude  depends upon the  co n cen tra tio n  of the exchanging 
ions in  the r e s in  p h a se . B ased  on th is  th e o re tic a l h in t an in te g ra l in te rd iffu sio n  
co effic ien t is  defined and hypo thesized  to e x is t  du ring  the  p ro g re s s  of the  
d iffu sion -exchange. E m ploying a  r e c e n t  m odel fo r d iffusing  io n s .in  a  ch arg ed  
r e s in  m a tr ix  (N e rn s t-P lan k  model) th is  in te g ra l in te rd iffu sio n  coeffic ien t is  
developed to  a po in t w here  i t  is  shown to be a  com plex  lo g a rith m ic  function  of 
the co n cen tra tio n  of the r e s in  p h a se . C o n sid era tio n  is  then  given to  the 
ex p erim en ta l technique fo r  d e te rm in in g  the  in te rd iffu sio n  co effic ien t. R e ­
in te rp re ta tio n  of an e s ta b lish e d  m ethod of c a lcu la tin g  in te rd iffu sio n  co effic ien ts  
(P ic k s ' Law) re v e a ls  th a t th e se  ex p erim en ta lly  d e te rm in ed  co effic ien ts  a re  
ac tu a lly  in te g ra l in te r  d iffusion co e ffic ien ts . T h is e a r l i e r  F ic k s 1 Law m odel 
is  u sed  as a  m eans of tra n s fo rm in g  raw  exchange k in e tic  data  in to  in te g ra l 
in te rd iffu sio n  co effic ien ts  a t  th e ir  v a rio u s  va lues of r e s in  cap ac ity . The
tra n s fo rm e d  d a ta  is  f r e e  of the  unsteady  s ta te - s p e r ie a l  geo m etry  com plex ities  
th a t p laqued the ra w  d a ta .
E x ten siv e  an a ly sis  of ex p e rim en ta l in te g ra l in te rd iffu sio n  coeffic ien ts  in 
the  lig h t of the developed in te g ra l in te rd iffu sio n  co effic ien t m odel was u n d e r­
tak en . R ate  of exchange da ta  fro m  sev en  au th o rs  who em ployed cations and 
s tro n g  ac id  exchange r e s in s  w as taken  fro m  pub lished  l i te r a tu r e .  R ate  of 
exchange d a ta  produced  e x p e rim en ta lly  in th is  w o rk  is  fo r anions in  a  w eakly 
b a sic  exchange re s in ;  sp ec if ic a lly  the  C l -  HCO exchange in  A m b erlite  IRA -6 8 .
A nalysis  of the tra n s fo rm e d  exchange r a te  d a ta  showed th a t the p roposed  
in te g ra l in te rd iffu sio n  co effic ien t concep t is  c o r r e c t .  F iv e  po in ts in  the  
an a ly sis  su p p o rt th is  conclusion :
1. D uring the beginning of the  exchange th e re  e x is t a  low er than n o rm a l 
in te g ra l in te rd iffu sio n  co e ffic ien t. T his is  to  be expected  s in ce  during  
th is  p e rio d  a  s tagnan t liqu id  f ilm  th a t su rro u n d s  the r e s in  p a r tic le  h am ­
p e rs  exchange.
2 . E x p erim en ta l in te g ra l se lf  diffusion co effic ien ts  show  no v a ria tio n  in 
m agnitude w ith r e s in  c o n cen tra tio n . S e lf-d iffusion  co effic ien ts  a re  
co n stan t, re su ltin g  in  an in te g ra l se lf-d iffu sio ri'co e ffic ien t w hich is 
co n s tan t.
3 . E x p erim en ta l in te g ra l in te rd iffu sio n  co effic ien ts  do change c o n s id e r­
ably w ith r e s in  p h ase  co n cen tra tio n .
4 . F ittin g  the ex p erim en ta l in te g ra l in te rd iffu sio n  co effic ien ts  w ith  the 
developed in te g ra l in te r  d iffusion  coeffic ien t re la tio n  allow ed p re c is e  
dup lication  of the exchange r a te  da ta .
5 . A unique lim itin g  p ro c e ss  w as developed to  com pute ion d iffu siv ities  
fro m  the  re g re s s io n  co effic ien ts  of the  f it ted  in te g ra l in te r  diffusion 
co effic ien t re la tio n . T h ese  p red ic ted  ion d iffu siv ities  w e re  n e a rly  equal 
to  the  io n ’s se lf-c liffu s iv itie s  w hich w e re  av ailab le  fro m  independent ex ­
change r a te  d a ta .
P re s e n tly  exchange r a te s  a r e  in te rp re te d  by the P ic k s ’ Law  m odel o r  the 
N e rn s t-P la n k  m o d e l; The F ic k s ' Law m odel em ploys one e m p e ric a l in te r ­
diffusion  p a ra m e te r  and the  so lu tion  to a  l in e a r  p a r t ia l  d iffe ren tia l equation . 
T he N e rn s t-P la n k  m odel em ploys two em p erica l in te rd iffu sio n  p a r a m e te r s , an 
independen t v a r ia b le  (the r e s in  phase  concen tra tion ) and the so lu tion  to  a non­
l in e a r  p a r tia l d iffe ren tia l eq u a tio n . The m odel developed in th is  w ork  em ploys 
two e m p erica l in te rd iffu sion  p a ra m e te rs  and an independent v a ria b le  (the r e s in  
p h ase  capacity) bu t re ta in s  the  lin e a r ity  and s im p lic ity  of the P ic k s ’ Law m odel 
and the  p re c is io n  of the  N e rn s t-P la n k  m odel.
CHAPTER I.
INTRODUCTION
An ion-exchange o p e ra tio n  is  a  m ass  tr a n s fe r  p ro c e s s ,  ions being t r a n s ­
feree! fro m  a so lu tion  {usually aqueous) to an io n -ex ch an g er (usually  a so lid , 
and a p o ly m erized  o rg an ic  r e s in ) ,  w ith an equ ivalen t num ber of ions of the 
sam e  c h a rg e , bu t of d iffe re n t s p e c ie s , a re  t r a n s fe re d  in  the  opposite  d ir e c ­
tio n . Io n -ex ch an g e rs  a r e  in so lub le  m a te r ia ls  w hich c a r ry  exchangeable 
ca tio n s  o r anions th a t c an  be exchanged fo r the  s to ic h io m e tric a lly  equ ivalen t 
am ount of o th e r ions of the  sa m e  s ig n  when the  exchanger is  in  co n tac t w ith an 
e le c tro ly te  so lu tio n . C a r r ie r s  of exchangeable ca tions a re  ca lled  cation  e x ­
ch an g ers  , and c a r r i e r s  of exchangeable anions a r e  ca lled  anion e x c h a n g e rs . 
M a te ria ls  capab le  of exchanging both ca tions and anions a re  c a lled  am p h o te ric  
io n -e x c h an g e rs . Ion -exchange is  a  frequen tly  u sed  u n it o p era tio n  in the 
ch em ica l p ro c e s s  in d u s tr ie s .
The p ra c tic a l  app lica tio n s  of ion-exchange have g re a tly  in c re a se d  in  
num ber and scope  in the  l a s t  tw enty-five  y e a rs  b ecau se  of the  re a d y  a v a ila ­
b ility  of sy n thetic  ion -exchange r e s in s  of re lia b le  p ro p e r t ie s .  Ion-exchange 
h a s  been  com m only u sed  fo r w a te r so ften ing  fo r m any y e a r s ,  b u t is  now used  
a s  w ell in d e m in e ra liza tio n  of b o ile r  feed  w a te r , in e x tra c tio n  m e ta llu rg y , in  
the  re c o v e ry  of w aste  m e ta l , in e ffluen t tre a tm e n t, in  the p u rif ica tio n  of 
p h a rm a ce u tic a ls  and in  the  deion ization  of b ra c k ish  w a te r .
The desig n  of ion -exchange equipm ent r e q u ire s  a  knowledge of the 
equ ilib riu m  of the re s in  p h ase  ion con cen tra tio n  w ith the su rro u n d in g  liquid
p h ase  ion co n cen tra tio n  and a lso  re q u ire s  k ine tic  da ta  on the  r a te  of m ass  
t r a n s f e r . E q u ilib riu m  in fo rm atio n  is  obtained by ex p erim en ta lly  d e te rm in in g  
th e  m a ss  action  eq u ilib riu m  co n stan ts  fo r  the  exchange re a c tio n . The r a te  of 
exchange is  com puted by em ploying ex p erim en ta lly  d e te rm in ed  m a ss  tra n s fe r  
coeffic ien ts  fo r  both  the  liqu id  and the r e s in  p h ase .
The m ain  p u rp o se  of th is  w ork is  to e s ta b lish  the  p ro p e r m a ss  tr a n s fe r  
co effic ien t fo r  the  r e s in  p h a se . T his m a ss  tra n s fe r  p a ra m e te r  is  com m only 
re fe re d  to a s  the r e s in  ph ase  in te rd iffu sio n  co effic ien t. A technique fo r 
d e te rm in in g  r e s in  p h ase  ion d iffu siv itie s  m u s t be developed . E x p erim en ta l 
r a t e  da ta  a r e  analyzed  to show  the  e ffec t of r e s in  p h ase  ion co n cen tra tio n  and 
liq u id  p h ase  ion co n cen tra tio n  on the  r e s in  phase  d iffu s iv itie s .
CH APTER II. 
ION-EXCHANGE MATERIALS
A . D iscovery  and D evelopm ent of Ion-E xchange M a te r ia ls
Two a g r ic u ltu ra l c h e m is t, J .  T . W ay and H . S . T hom pson (1) re p o r te d  
the  f i r s t  sy s te m a tic  o b se rv a tio n s  on ion exchange w ith  c lay s  in  1850. They 
o b serv ed  th a t the exchange of ions involved equ ivalen t q u an titie s  and th a t c e r ­
ta in  Ions a r e  m o re  re a d ily  exchanged than  o th e rs . C o m m erc ia l u se  of r e v e r ­
s ib le  ion -exchange re a c tio n s  did no t com e about u n til 1905 -when a  G erm an  
c h e m is t, R . Gans', found th a t " h a rd n e s s ” (ca lc ium  and m agnesium  ions) could  
be rem o v ed  fro m  w a te r  and re p la c e d  w ith  sodium  io n s .
Ion-exchange b ecam e  m o re  than a  w a te r tre a tm e n t technique a f te r  the 
sy n th es is  of re s in o u s  ca tion  ex ch an g ers  fro m  phenol and fo rm ald eh y d e , and 
w eak -b ase  anion ex ch an g ers  fro m  a ro m a tic  am ines and fo rm aldehyde by
B . A . A dam s and E . L . H olm es in  1935. The developm ent of ion -exchange  
a s  a  p ro c e s s  in d u s try  u n it o p e ra tio n  began in  the  U nited S ta tes  w ith the p ro ­
duction of the  f i r s t  c o m m e rc ia l r e s in s  in  1939.
B . N a tu ra l Ion-E xchange  M a te r ia ls
T h e re  a re  m any n a tu ra l  o ccu rin g  su b stan ces  th a t have ion exchange 
p ro p e r tie s  (2) but only a  few  a re  c o m m e rc ia lly  a t tra c t iv e . W ate r h a rd n e ss  
(ca lcium  and m agnesium  ions) can  be rem o v ed  fro m  w ater and re p la c e d  w ith 
sodium  by m eans of n a tu ra l sod ium  alum inum  s i l i c a te s . N a tu ra lly  o ccu ring
g reen san d  z e o li te s , s t i l l  m ined  in  so u th e rn  New J e r s e y ,  w e re  the  f i r s t  io n - 
exch an g ers  to be u sed  ex ten s iv e ly  in  the  U nited S ta te s . Z eo lite s  a re  low in 
cap ac ity  b u t a r e  s t i l l  f a i r ly  w idely  u sed  in  the  te x tile  in d u s try  fo r  soften ing  
la rg e  q u an titie s  of re la tiv e ly  low  h a rd n e ss  w a te r .
T he z eo lite  m in e ra ls  (ch ab az ite , n eu lan d ite , an a lc ity , and so d a lite ) , 
w hich a re  the  only n a tu ra l su b s tan ces  th a t have b een  usefu l c o m m e rc ia lly  as  
io n -e x c h a n g e rs , a r e  com plex  a lu m in o s il ic a te s . They a re  s ta b le  in w a te r only 
w ith in  the  pH ra n g e  of 6 .5 to  8 .0  and a r e  th e re fo re  usefu l only in  w a ter 
so ften ing  (3).
C . Synthetic  Ion -E xchange  M a te ria ls
An ex ce llen t g e n e ra l rev iew  of a ll a sp e c ts  of io n -exchange  is  given by 
H e lffe rich  (4) in  h is  book "Ion  E xch an g e" . If am p lifica tion  of any to p ic , w ith ­
out a  sp ec ific  l i te r a tu re  r e fe re n c e ,  d iscu ssed  in tin s  d is s e r ta tio n , is  re q u ire d  
i t  can  be found in  H e lffe r ic h .
In r e c e n t  y e a r s ,  va i’ious zeo lite s  w ith com plete ly  re g u la r  c ry s ta l  
s tru c tu re  have been  sy n th es ized ; m o s t of them  by a m ethod w hich involves 
c ry s ta ll iz a tio n  a t  an e lev a ted  te m p e ra tu re  fro m  so lu tions con tain ing  s i l ic a , 
a lu m in a , and a lk a li . T h ese  syn thetic  z eo lite s  a r e  ex ac t c o u n te rp a r ts  of the  
n a tu ra l m a te r ia ls .  As c o m m e rc ia l ion ex ch an g e rs , they a r e  of li t t le  im ­
p o r ta n c e . Inorgan ic  ca tio n  exchangers  w ith  s a tis fa c to ry  p ro p e r tie s  have been  
p re p a re d  by com bining group  IV oxides w ith  acid  oxides of g roup  V and VH, 
b u t a r e  n o t re a d ily  p i'ep a red  in  the  fo rm  of m echan ica lly  s tab le  p a r tic le s  of
conven ien t s iz e .  Only v e ry  few  syn thetic  ino rgan ic  anion exch an g ers  have 
been  m ad e . T he m o s t im p o rtan t c la s s  of ion-exchangers a re  the o rgan ic  io n - 
exchange r e s i n s .
O rgan ic  ion -exchange r e s in s  a r e  ty p ica l g e ls . They a r e  c ro s s lin k e d  
p o ly e le c tro ly te s . T h e ir  fram ew o rk , the so  c a lled  m a tr ix , c o n s is ts  of an 
i r r e g u la r ,  m a c ro m o le c u la r , th re e  d im ensional ne tw ork  of h y d ro ca rb o n  c h a in s . 
An ion-exchange  r e s in  p a r t ic le  is  p ra c tic a lly  one s in g le  m a c ro m o le c u le . 
In n um erab le  types of ion -ex ch an g e  re s in s  w ith  d iffe ren t p ro p e r tie s  can  be 
p re p a re d .
M onom eric  o rg an ic  e le c tro ly te s  can  be p o ly m erized  in  su ch  a  way th a t 
a  c ro s s lin k e d  netw ork  is  fo rm e d . A s an a lte rn a tiv e , th e  m a tr ix  can  be b u ilt 
f ro m  nonionic m o n o m e rs ; the  fixed  ionic g roups a re  then  in tro d u ced  in to  the 
com pleted  ne tw ork . The m a tr ix  can  be fo rm ed  by polycondensation  o r by 
addition p o ly m e riz a tio n . The bulk of m o d e rn  c o m m erc ia l ion exchange 
m a te r ia l  is  p o ly m erized  o rgan ic  com pounds in  the fo rm  of s p h e r ic a l beads
0 .0 1  to 2 .0  m il l im e te rs  in  d ia m e te r .
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THE EXCHANGE PROCESS
A . A  Q ualita tive  D esc rip tio n  of Synthetic Io n -e x c h a n g e  R esin  P a r t ic le s
O rgan ic  io n -ex ch an g e  r e s in s  fo r  g e n e ra l app lication  in  the ch em ica l 
p ro c e ss  in d u s tr ie s  a r e  av a ilab le  in  the  fo rm  of s p h e r ic a l p a r t ic le s .  E ach  
p a r tic le  c o n s is ts  of a  th re e  d im ensional m o le c u la r  fram ew o rk  of c ro s s - l in k e d  
hyd ro carb o n  c h a in s . T he fram ew o rk  of the r e s in  is  a flex ib le  ran d o m  n e t­
w ork  w hose m e sh  w idth  is  no t u n ifo rm  and is  r e fe re d  to as  "h e tro p o ro u s" . The 
a v e rag e  m e sh  w idth of a  highly c ro s s lin k e d  r e s in  is  of the  o rd e r  of only a  few  
an g stro m  u n i ts . T h is th re e  d im ensional fram ew o rk  c a r r ie s  a p o sitiv e  o r  a  
n egative  e le c tr ic  su rp lu s  c h a rg e  w hich is  com pensa ted  by ions of opposite  s ig n  
ca lled  coun ter io n s . F ig u re  1 is  a  som ew hat s im p lified  re p re se n ta tio n  of a 
m o is tu re  f r e e  fram e w o rk  fo r a ca tion  exchanger in the hydrogen fo rm , the 
c ro s s - l in k s  being  in d ica ted  by m esh  t ie -p o in ts .
The h y drocarbon  m a tr ix  of a  r e s in  is  hydrophobic , how ever the  s t r u c ­
tu ra lly  bound ionic g ro u p s in co rp o ra ted  on the m a tr ix  u su a lly  re n d e rs  the 
r e s in  h y d ro p h illic . The r e s in  re m a in s  in so lub le  b ecau se  of the c ro s s - l in k s  
w hich in te rco n n ec t the v a rio u s  h y d rocarbon  c h a in s .
Ion-exchange r e s in s  a r e  ab le to a b so rb  so lven ts  in  w hich they a re  
p laced . As the  so lv en t (w ater) m o lecu les e n te r  the p o re s  of the r e s in  f r a m e ­
w ork , the  e la s tic  h y d ro ca rb o n  m a tr ix  expands until eq u ilib rium  is  a tta ined  
beyond winch sw elling  does not p ro c e ed . The d eg ree  of c ro ss lin ld n g , w hich
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8d e te rm in e s  the  m esh  w idth  of the  m a tr ix  p o re s , a lso  d e te rm in e s  the  swelling' 
ab ility  of the r e s in .  As c ro ss lin k in g  in c re a s e s , sw elling  ab ility  d e c re a s e s . 
T h is sw elling  is  an a tte m p t by the so lv en t to d isso lv e  the  r e s in .
The ionic groups em beded in  the  m a tr ix , a s  w ell as  the  ions w hich they  
fo rm , tend to su rro u n d  th em se lv es  w ith  p o la r so lv en t m o le c u le s . T h e re  is  a 
d riv e  fo r  d isso lu tion  and the  co iled  and packed chains of the  m a tr ix  unfold and 
m ake ro o m  fo r the  so lv en t m o le c u le s , but the chains cannot s e p e ra te  com ­
p le te ly . As a  r e s u l t ,  the  r e s in  sw ells  bu t does no t d is so lv e . E q u ilib riu m  is  
a tta in ed  when the e la s tic  fo rc e s  of the m a tr ix  b a lan ces  the  d isso lu tio n  tendency.
I t  is  im p o rtan t in the  follow ing d iscu ss io n s  th a t a  d is tin c tio n  be  m ade 
concern ing  the n a tu re  of w a te r  m o lecu les  w ithin  an e x c h a n g e r . T h e re  is  a  
tendency fo r  so lven t m o lecu les  to su rro u n d  fixed and m obile  ions fo rm in g  
so lvation  s h e l l s . This so lv en t is  te rm e d  "w a te r  of h y d ra tio n " . The re m a in ­
d e r  of the  so lv en t th a t is  so rb ed  w ithin a  r e s in  p a r tic le  is  " f re e "  w a te r . T h is 
w a te r a ttem p ts  to d ilu te  the  co n cen tra ted  so lu tion  of ions w ith in  the r e s in  
p a r t i c le .
Ion-exchange re s in s  can  so rb  e le c tro ly te s  (both coun ter ions and co ­
ions) fro m  so lu tions w ith  w hich they a re  in  c o n tac t. In an io n -ex ch an g er 
contain ing  coun ter ions of sp ec ie s  A is  p laced  a s tro n g  e lec tro ly te  so lu tion  
contain ing  o th e r coun ter ions of sp ec ie s  A along w ith co -io n  Y, i t  w ill so rb  
AY into the m a tr ix . If  the co u n ter Ion was of sp e c ie s  B , ion -exchange o c c u rs , 
and the exchanger is p a r tia lly  co n v erted  to the B fo rm . The coun ter ion A 
w ithin  the r e s in  p r io r  to con tac ting  the  e lec tro ly te  so lu tion  a re  in d is tin g u ish ­
ab le  fro m  the so rbed  co u n ter io n s . S trong e lec tro ly te s  a re  su b jec t to
9e le c tro s ta tic  fo rc e s  a r is in g  fro m  the  p re se n c e  of fixed ionic g roups and 
co u n ter ions in  the r e s in .  The r e s u l t  is  a  D onnan-type so rp tio n  eq u ilib riu m  
w hich is  unique fo r ionic  s o r b e n ts .
The e le c tro ly te  up take is  s to ic h io m e tric a lly  equ ivalen t to  the  co -io n  
uptake s in ce  e le c tro n e u tra lity  r e q u ire s  th a t the  co -io n s  w hich e n te r  the io n - 
exchanger be accom pan ied  by an equ ivalen t am ount of co u n ter ion . F ig u re  2 
is  a  sch em a tic  d iag ram  of a  sec tio n  of a  ca tion  exchange p a r tic le  in  eq u i­
lib r iu m  w ith  an e le c tro ly te  so lu tio n .
B . Ion-E xchange R es in  E qu ilib riu m
T h ere  a re  two eq u ilib riu m  plieonom ena which a re  im p o rtan t in  io n - 
exchange. Sorp tion  e q u ilib r ia , w hich w as m entioned above, is  an im p o rtan t 
co n sid e ra tio n  fo r ex ch an g ers  in  s tro n g  e lec tro ly te  so lu tio n s . Exchange 
e q u ilib ria  o ccu rs  when an exchanger con tains one sp ec ie s  of co u n ter ion and 
the con tac ting  e le c tro ly te  so lu tion  countains an o th er. Exchange in  aqueous 
env ironm ents is  com m on and a ll d iscu ss io n  th a t follows w ill be w ith r e s p e c t  
to w a te r as the  so lv en t.
1, Donnan S orption  E qu ilib riu m
W hen an exchanger is  p laced  in a d ilu te  so lu tion  of a  s tro n g  e lec tro ly te  
th e re  e x is t co n sid e rab le  co n cen tra tio n  d iffe ren ces  betw een the two p h a se s .
The coun ter ion co n cen tra tio n  is  la rg e r  in the exchanger than i t  is  in  the ex ­
te rn a l so lution p h ase , w h ereas  the co -io n  co ncen tra tion  is  la rg e r  in the solution
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p h ase  than  in  the  so lid  p h a se . If the ions c a r r ie d  no e le c tr ic  c h a rg e s , a ll
o ccu r to  a  sm a ll ex ten t. C oun ter ions m ove into the  so lu tion  p h ase  and c o -  
ions m ove in to  the r e s in  p h ase  re s u lt in g  in  an accum ulation  of p o sitiv e  ch arg e  
in  the so lu tion  and a  negative  c h a rg e  in the  e x c h a n g e r . The f i r s t  few ions 
w hich d iffuse thus bu ild  up an e le c tr ic  p o ten tia l d iffe ren ce  betw een the  two 
p h a s e s . E qu ilib rium  is  e s ta b lish e d  when the tendency of the ions to ann ih ila te  
the ex is tin g  co n cen tra tio n  d iffe ren ces  is  b a lanced  by the ac tion  of the e le c tr ic  
f ie ld . In the r e s in  p h a se , the co u n te r ion co n cen tra tio n  thus, re m a in s  m uch 
h ig h e r and the co -io n  co n cen tra tio n  m uch low er than  in  the e x te rn a l so lu tio n .
The Donnan eq u ilib riu m  (5 ) , w hich is  e sse n tia lly  a  sp e c ia l c a se  of the 
Donnan m em b ran e  th e o ry , p ro v id es  a q u an tita tiv e  d e sc rip tio n  of co n cen tra tio n s  
in  the  re sp e c tiv e  p h a se s . T h is theo ry  p re d ic ts  the unequal d is trib u tio n  of a 
d iffusib le  e le c tro ly te  betw een a  so lid  p h ase  w hich h as  one ion non-d iffusib le  
and an aqueous so lu tion  p h a se . C o n sid er the e le c tro ly te  in the aqueous phase  
to be AB and le t  A be  the co u n te r ion a s so c ia te d  w ith  the non -d iffu sib le  ion R 
(a ttached  to the  m a trix ) of the r e s in  p h a se . W hen eq u ilib riu m  has been  e s ­
ta b lish ed , a  c e r ta in  am ount of A and B w ill have diffused into the r e s in  phase  
and the  ch em ica l p o ten tia l of the su b stan ces  on bo th  s id es  of the m em b ran e  
m u s t be  eq u al; i . e . ,
w h ere  the b a r  above r e f e r s  to the  r e s in  p h ase  and no b a r  is  the liquid  p h ase . 
The ch em ica l p o ten tia l of an e le c tro ly te  can  be taken  as a s tu n  of the
co n cen tra tio n  d iffe ren c es  would be ann ih ila ted  by d iffusion . M ig ra tion  does
( 1)
po ten tia ls  of th e  io n s ,
/ U i j \  • i - H T i f i C L j  + R T I n ( k Q  ~
/ C l A  - t - R T ! m  < k &  + / A @ + R T ' I ] n € L Q  W
and
& A  ~  ^ 8  * *
w h ere  " a "  re p re s e n ts  the  ac tiv ity  of the ind ica ted  io n s . If i t  is  a ssu m ed  th a t 
the so lu tions a r e  d ilu te , and th is  is the c ase  fo r ion exchange, a c tiv itie s  can  
b e  re p la c e d  w ith  co n cen tra tio n s ,
O '  “  c a c b  <4)
In o rd e r  fo r  the  p rin c ip le  of e le c tro n e u tra lity  to be obeyed
Qa ~ O f * <5>
and
CA = C 8 *»
Substitu ting  th e se  id en titie s  fo r and into Equation (4)
C f  + C/3 Cq ”  C |  . P)
E quation ( 7 ) shows th a t
e  ^  ' - a  (8>
and th is  im p lie s  th a t the  co n cen tra tio n  of the co -io n  in  the  r e s in  p h ase  is  le s s  
than  th a t in the liquid  p h a se . T h e re  is som e AB in  the r e s in  ( i .e .  AB) bu t 
its  co n cen tra tio n  is  le s s  than in the liquid  p h ase . The high fixed ionic
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con cen tra tio n  of a  h igh  cap ac ity  r e s in  w ill exclude the  diffusion of f r e e  e le c tro ­
ly te s  in to  the r e s in  ph ase  fro m  so lu tions having co n sid erab ly  low er ionic co n ­
c en tra tio n s  than th a t found w ithin the r e s in .
2 . The Exchange E q u ilib ria
When an e le c tro ly te  so lu tion  contain ing  ion A and the exchanger co n ­
ta in ing  co u n ter ion B a re  co n tac ted , ion exchange w ill o c c u r . Exchange w ill 
o ccu r u n til a ll p o ten tia ls  a r e  exhausted  and th is  fina l s ta te  is  the s ta te  of ex ­
change e q u ilib r iu m . I t  is  conven ien t to r e g a rd  the o v e ra ll exchange p ro c e ss  
as a  m e ta th e tic a l ch em ica l re a c tio n  betw een the d isso lv ed  ion and the ion 
w hich the re s in o u s  exchanger co n ta in s . The above d e sc rib e d  exchange can  be 
w ritten  as  fo llo w s:
The exchange is  a s  a  ru le  r e v e rs ib le  and the  re a c tio n s  like  ch em ica l re a c tio n s , 
a r e  a ll governed by m a ss  ac tio n .
Ion-exchange eq u ilib riu m  is  developed fu r th e r  in Appendix A . T h e re  the 
eq u ilib riu m  d a ta  fo r the  r e s in  em ployed in  th is w ork  is  p re sen te d  and c o r ­
re la te d .
C . A Q ualita tive  D escrip tio n  of the Exchange P ro c e s s
(9)
As two d iffe ren t ion sp ec ie s  d riv e  tow ard equ ilib riu m  of the ph ases  (the
ex changer w ill be c a lle d  the  so lid  p h ase  and the e le c tro ly te  so lu tion  w ill be  the 
liqu id  phase) a  p a r t ic u la r  m ech an ism  fo r  the exchange p ro c e s s  see m s  lo g ica l. 
R esin s  a r e  g e l- lik e  su b s tan ces  w hose exchange s i te s  a r e  d isp e rse d  random ly  
th rough  the  in te r io r  and on the  su rfa c e  of each  p a r t i c le . The exchange is 
ac tu a lly  an  ion tr a n s fe r  and su b stitu tio n  p ro c e ss  w hose m ech an ism  can  be 
d e sc rib e d  by sev en  seq u en tia l ev en ts .
A co u n ter ion in  the  liq u id  p h ase  (1.) d iffuses th rough  a s tag n an t film  
th a t su rro u n d s  each  exchange p a r t ic le  then (2 .) d iffuses p a s t the  in te rfa c e  into 
(3 .) the  so lid  p h ase  and fin a lly  (4 .) fix es  i ts e lf  on an ac tive  s i te  w ith in  the r e s in  
and s im u ltan eo u sly  d isp la ce s  fro m  th is  s i te  an  equ ivalen t am ount (equivalence 
in  e le c tr ic a l  charge) of an o th er co u n ter ion . T his exchanged co u n ter ion m u s t 
now (5 .) d iffuse  th rough  the so lid  p h ase  (6 .) p a s t  the in te rfa c e , and (7.) 
d iffuse th rough  the liqu id  f ilm  fina lly  a r r iv in g  into the  bulk ag ita ted  liquid  
p h ase  thus com pleting  the exchange.
B ecau se  of the  consequences of the  e le c tro n e u tra lity  re q u ire m e n t ( i .e .  
th e re  can  be no n e t t r a n s fe r  of e le c tr ic  ch arg e  a t  any po in t in the exchange) 
a ll  d iffusion  s tep s  a r e  ac tu a lly  in te r  d iffusion of co u n ter ions and the  ion 
su b stitu tio n  s tep  is  m ade  in s to ic h io m e tric  am ounts ( i .e .  exchange of equ iva­
len ts  of e le c tr ic  c h a rg e ) . The to ta l coun ter ion con ten t (in equ ivalen ts) along 
the pa th  of d iffusion  and d u ring  su b stitu tio n  m u s t re m a in  co n stan t re g a rd le s s  
of ionic com position .
I t  is  now g en e ra lly  conceded th a t the ac tu a l exchange of ions a t  s i te s  in 
the  r e s in  ph ase  (s tep  4 .)  is  in stan taneous o r  n o n ex is ten t fo r o rd in a ry  io n - 
exchange (6, 7) b u t, a r e c e n t  finding (8) has shown th a t the ch em ica l
exchange re a c tio n  can  o ccu r in  re s in s  w ith  ch e la tin g  groups w hich fo rm  
slu g g ish  re a c tin g  co m p lex es . The in te rfa c e  betw een the p h ases  co n trib u te s  no 
re s is ta n c e  to the  d iffusing  ions (9) possib ly  b ecau se  of the  in tim a te  co n tac t of 
the  aqueous phase  w ith  the  " f re e "  w a te r filled  p o re s  of the  r e s in  ph ase  (s tep  2, 
and 6 .) .  T h is  im p lies  th a t ion -exchange , as a  r u le ,  is  p u re ly  a  d iffusion 
phenom ena and is  governed  by diffusion la w s .
T h e re  re m a in  fo u r s te p s  (steps 1 . ,  3 . ,  5 . and 7 .) in the exchange m ech a­
n ism  w hich do p re s e n t  r e s is ta n c e s  to the  m ovem ent of co u n ter ions do o ccu r in  
a ll  ion-exchange p r o c e s s e s . T hese  fou r s tep s  a r e  com bined in to  two r a t e -  
d e te rm in in g  s tep s  ca lled  f ilm  re s is ta n c e  and p a r tic le  r e s is ta n c e  re sp e c tiv e ly . 
Boyd e t a l (6) have shown th a t the r a te  d e te rm in in g  s tep s  of exchange a re  
in te r-d iffu s io n  of the co u n ter ions th rough the film  and w ithin the  p a r tic le .
CHAPTER IV.
PA RTICLE DIFFUSION CONTROLLED EXCHANGE
A . L a b o ra to ry  C onditions fo r P a r t ic le  D iffusion C on tro lled  Exchange
An ion-exchange r e s in  in  B fo rm  ( i .e .  ion B is  the exchangeab le  coun­
te r - io n  in th e  re s in  phase) is  con tac ted  w ith an aqueous so lu tio n  con tain ing  
co u n te r-io n  A in itia te s  the exchange p r o c e s s . P a r tic le -d if fu s io n -c o n tro lle d  
exchange o ccu rs  when the r a te  of exchange is  re s tr a in e d  only by the in te r -  
d iffusion of the  exchanging co u n te r-io n s  in  the r e s in  p h ase . T h is condition  is 
m e t ex p erim en ta lly  by re n d e rin g  neg lig ib le  the re s is ta n c e  to  in te r  d iffusion  of 
ions in  the  la m in a r  liqu id  film  th a t su rro u n d s  each  p a r tic le . L ab o ra to ry  
opera tions-w hich  m ake the film  re s is ta n c e  sm a ll com pared  to the p a r tic le  
re s is ta n c e  a r e  of two g en e ra l ty p e s : a) shallow -bed  technique and b) lim ite d -  
bath  techn ique.
1. Shallow -B ed T echnique
T his technique w as f i r s t  u sed  by deD om ain, Swain, and Hougen (10) and 
la te r  m odified  by Boyd e t. a l .  (6 )  and T atenbaum  and G regor ( 7 ) .  T h is 
technique has been  m odified  s t i l l  fu r th e r  by Kuo ( 13) and Gopala Rao (14 ) 
to include flow  p a s t  a  s in g le  r e s in  p a r t ic le .  The shallow -bed  technique em ploys 
a  th in  bed of re s in  through w hich the  liqu id  phase  flow s. The r a te  of liqu id  flow 
is  such  tha t the s tag n an t la y e r  is m ade v e ry  th in  and p rov ides l i t t le  r e s is ta n c e  
to ion d iffusion . T his condition  of flow is  found by in c re a s in g  the liqu id  flow
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r a te  in c re m en t-w ise  u n til th e re  is  no fu r th e r  change in  the  exchange r a te  with 
in c re a se d  flow .
The shallow -bed  technique m ain ta in s the su rfa c e  of the exchanger a t  a  
co n stan t co n cen tra tio n  of the en te rin g  ion, A , and rem o v es  the ex iting  io n , B , 
a t  su ch  a  r a te  th a t  i t  e x e r ts  no "back  p re s s u re "  on the  exchanger s u rfa c e . 
In terd iffu sion  of the  c o u n te r- io n s  occu rs  u n til the  eq u ilib riu m  co n cen tra tio n  of 
A is  a tta ined  in  the  r e s in  p h a se . F ig u re  N o. 3 shows the  e ffec t of in te r-d if fu ­
sion  on the co n cen tra tio n  of ion A in  the r e s in  and liqu id  p h ases  du ring  a  s h a l­
low -bed ru n .
T he shallow -bed  techn ique is  p e r fe r re d  fro m  a ch em ica l eng ineering  
design  point of view  b ecau se  i t  w ill a lso  p rov ide  d a ta  fo r  the f ilm  re s is ta n c e  
(under the p ro p e r  o p era tin g  conditions) (11, 12) and m o re  n e a r ly  s im u la te s  
the ac tu a l flow in a  u n it o p era tio n  of ion-exchange.
2 . L im ited -B a th  Technique
The p a rtic le -d iffu s io n -c o n tro lle d  exchange condition is  effected  in the 
lim ited -b a th  technique by v ig o rously  ag ita ting  a  quantity  of the liqu id  phase  and a  
quantity  of the  r e s in  phase to g e th e r with a s t i r r e r - l ik e  dev ice . T his technique 
w as the f i r s t  u sed  to study k in e tic s  of exchange and re c e n tly  m odified  by H ering  
and B liss  (15). The s t i r r e r  o r  ag ita to r speed  is In c re a se d  u n til th e re  is  no f u r ­
th e r  change in the exchange r a te  with in c re a se d  sp eed . F ig u re  N o. 3 app lies  a l ­
so  to the lim ited  ba th  if the co u n ter ion capacity  of the exchanger is m uch  le ss  
than the quantity  of A in the liqu id  p h ase . If th is r e s t r ic t io n  does not apply ,
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the ion con cen tra tio n  in  the liqu id  phase  w ill d e c re a se  during  exchange.
B . Ion D iffusion Inside the R esin  P h ase
Synthetic ion exchange re s in s  have been  d e sc r ib e d  as g e l- lik e  p a r t i c le s , 
sw elling in e lec tro ly tic  so lu tio n s , p e rm eab le  to ions and w a te r m o lecu le s , and 
p o sse ss  exchange groups random ly  d is tr ib u te d  throughout the p a r t ic le s .  This 
view of ion-exchange re s in s  is  obtained ch iefly  fro m  the  w ork of Boyd e t  a l 
(6 , 16)and M yers (1 7 ). The view  of the  r e s in  phase  env io rnm en t su g g es t th a t 
the ion -exchanger is  q u asi-h o m o g en eo u s, i . e .  th a t the  diffusion phenom ena in 
the io n -exchanger can  be d e sc rib e d  by re la tio n s  w hich hold fo r  hom ogeneous 
p h a s e s . The re s in  p h ase  m ay be view ed as  a  " m ic ro re tic u la r"  ge l type of 
porous m ed ia  w ith m o lecu lar flex ib le  hyd ro carb o n  chains as the f ra m e w o rk . 
The p o re  s tru c tu re  is  "open", i . e .  the  in te rs tic e s  a r e  in te rco n n ec ted  and p ro ­
v ide u n in te rru p ted  diffusion paths a c ro s s  the m ed ium ; a n e c e s sa ry  condition 
fo r m a ss  t r a n s fe r .
D iffusion in ion-exchange re s in s  is  assu m ed  to be no d iffe ren t fro m  that 
in so lu tions of analagous o rgan ic  e lec tro ly te s  (benzy ltrim thy lam m onium  
ch lo rid e  has been u sed  as a m odel e le c tro ly te  fo r  Dowex -  1 anion exchangers  
in the Cl fo rm  (18)) E a rly  co m p ariso n s  of the d iffusion m echan ism  of ions 
in side  the r e s in  phase  and in  an aqueous medium, w e re  b ased  on the s tu d ie s  of 
G regor e t  a l (19, 20) and K re ssm a n  and K itchener (21) In su ch  s y s te m s , the 
diffusion of the co u n ter ions is  re ta rd e d  e sse n tia lly  due to the  "ex c lu d ed - 
volum e" e ffec t (occupancy of volum e and c ro s s  sec tio n  by the  o rgan ic  m a tr ix ) .
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A ll the  exchange s ite s  in  the r e s in  a re  c o n sid e re d  to be fu lly  a c c e ss ib le  
fo r  occupation  by m o d era te ly  s iz e d  io n s . S e lf-d iffusion  co effic ien ts  in s id e  the 
r e s in  a r e  of the  o rd e r  of 1 /lO th  to l/5 0 0 th  of the co rre sp o n d in g  v a lues in f r e e  
so lu tio n . F o r  ca tions s m a lle r  in s iz e  than the p o re s  of the r e s in ,  the  m ech ­
an ism  of d iffusion in s id e  the r e s in  is  b a s ic a lly  the sam e  as in w a te r .  The con­
c lu sio n  w as re a c h e d  b ecau se  the energy  of ac tiv a tio n  fo r  such  c a s e s  is  ap p ro x ­
im a te ly  5K c a l/m o le , about the sam e  as  fo r  the d iffusion  of ions in w a te r .
1. Self -  D iffusion
The s im p le s t c a se  of r e s in  phase  diffusion  w h ere  no o ther s im u ltaneous 
p ro c e s s e s  in te r fe re  is  se lf-d iffu s io n . H e re , the flux is  p ro p o rtio n a l to the 
co n cen tra tio n  g ra d ie n t, and the diffusion coeffic ien t thus is  c o n s ta n t. Iso top ic  
d iffusion  is  an exam ple of se lf-d iffu sio n  w here  a  sy s te m  is  in equ ilib riu m  
ex cep t fo r iso top ic  d is tr ib u tio n . The diffusion co effic ien t of the iso topes in 
su ch  sy s te m s  is c a lled  the se lf-d iffu sio n  co effic ien t (individual d iffusion co effi­
c ie n t, o r t r a c e r  d iffusion coeffic ien t) of the sp ec ie s  . I ts  value is  co n stan t 
th roughou t any sin g le  p h ase  of the sy s tem  b u t, of c o u rs e , depends on the n a tu re  
and com position  of the p a r t ic u la r  phase  and on the te m p e ra tu re .
The. f i r s t  u se  of iso top ic  re d is tr ib u tio n  fo r  the study of p a r tic le  d iffusion 
co n tro lled  exchange w as by Boyd and c o -w o rk e rs  (22, 23, 24) in  a  s e r ie s  of 
p a p e rs  published  in 1953. They (22) s tud ied  the se lf-d iffu sio n  of n ine ca tions 
in Dowex -  50 re s in s  of d iffe ren t c ro s s lin k a g e s , and noted th a t the se lf-d iffu sio n  
r a te s  w ere  low ered  by in c re a se d  c ro ss lin k a g e  of the r e s in .  Boyd and Soldano(23)
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noted  th a t the d iffusing  sp e c ie s  in  th e  exchanger w e re  h y d ra ted  io n s . They 
p o stu la ted  a  m ethod  to d is tin g u ish  f r e e  and bound w a te r and  in fe r re d  th a t the 
tra n s p o r t  of m o b ile  h y d ra ted  ions co n trib u ted  neg lig ib ly  to  the  r a te  of d iffusion 
of w a te r  m o lecu les  into th e  e x c h a n g e r . In an o th e r a r t ic le  (24) the  au th o rs  
stud ied  se lf-d iffu sio n  of ca tio n s  in h e tro io n ic  e x c h a n g e rs . They o b serv ed  th a t 
in g e n e ra l, the diffusion  r a t e  of the m obile  c a tio n  was lo w ered  and th a t of the 
le s s  m obile  ion w as in c re a s e d .
G regor and T atenbaum  (7) in v estig a ted  se lf-d iffu s io n  of the K* ion using  
a  shallow -bed  techn ique. They noted  a  five fo ld  in c re a s e  in  the se lf-d iffu sio n  
co effic ien t when the  so lu tio n  con cen tra tio n  in c re a s e d  fro m  0 .1 M  to 4 .0 M .
Boyd, Soldano and B onner (25) in v estig a ted  se lf-d iffu sio n  r a te s  of cations 
in desu lfonated  ion e x c h a n g e rs . T he au th o rs  found th a t the  diffusion co effic ien ts  
in c re a se d  in itia lly  w ith d e c re a s in g  exchange cap ac ity  b u t a t  s t i l l  low er c a p a c it ie s , 
the  co effic ien t d e c re a se d , in d ica ting  in te ra c tio n  betw een the d iffusing  ion' and 
the  env ironm en t. The in it ia l  in c re a s e  in  the d iffusion  co effic ien ts  a lso  co in ­
c ided  w ith the in c re a s e  in  equ ivalen t m o is tu re  con ten t.
Self d iffusion  da ta  is  a lso  given by Kuo (13), Rao (14), and H ering  (15).
2 . In te rd iffu sio n
E a rly  r e s e a r c h  w o rk e rs  in  the  fie ld  of ion  exchange k in e tic s  a ssu m ed  the  
m odel of c o n stan t in te r  d iffusion  co effic ien t (m utual d iffusion  co effic ien t) . The 
r a te  of exchange is  d e sc r ib e d  by the  d iffe ren tia l equation governed  by F ic k s 1 
second law . B a r r e r  (26), and Boyd e t a l .  (6) p re se n te d  an  ex ac t in fin ite  s e r ie s
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so lu tio n  of the  r a te  equation  by a ssu m in g  c o n s ta n t r e s in  su rfa c e  co n cen tra tio n . 
T ien  and T hodas (27) d iscu ssed  an a ly tica l m ethods and g ive ap p ro x im ate  so lu ­
tio n s  fo r  the  tre a tm e n t of the r a te  equation fo r  v a r ia b le  r e s in  su rfa c e  concen­
tra tio n s  fo r  l in e a r  e q u ilib riu m  betw een the  r e s in  s u r fa c e  and the  liqu id  film  
in te r fa c e . T h ese  equations a r e  app ro x im atio n s  of the d iffe ren tia l equation fo r 
th e  r a te  of exchange in the  r e s in  ph ase  d e sc r ib e d  by F ic k s ' second  law  and a re  
m o re  re a d ily  so lvab le  fo r  v a r ia b le  boundary  c o n d itio n s .
V alues fo r  the in te r  d iffusion  co effic ien t in  the r e s in  phase  fo r  a  num ber 
of a lk a li m e ta l ion p a ir s  in  A m b erlite  IR -1  w e re  given by Boyd e t  a l .  (6) and 
by Selke e t  a l .  (28) fo r-th e  sy s te m  Cu++-H + -  A m b erlite  IR -120 . In  view  of 
the  s im p le  p h y sica l p ic tu re  of the r a te  m ech an ism  and o th e r a ssu m p tio n s  in ­
vo lved , one should no t expec t g re a t  a c c u ra cy  in th e se  v a lues .
U nlike in te rd iffu sio n  in  e le c tro ly tic  so lu tio n s , in te r  d iffusion r a te s  of 
ca tio n s  in  an ion exchanger a re  coupled w ith each  o th e r b ecau se  of the fixed 
ion ic  g roups in  the ex ch an g er. The fluxes and the co n cen tra tio n  g rad ien ts  of 
the  in te rd iffu sin g  ca tio n s  a re  equal and op p o site . H ow ever b ecau se  of the 
d iffe ren c es  in  m o b ilitie s  of co u n te r-d iffu s in g  io n s , a  d iffusion  p o ten tia l w ill be 
s e t  up w hich slow s down the  f a s te r  ion and sp eed s up th e  s lo w er ion . The 
m a th e m a tica l e x p re ss io n s  fo r  in te rd iffu sio n  of ch arg ed  p a r tic le s  w as d e riv ed  
q u ite  som e tim e  ago by N e rn s t and P lan k . T h ese  m a th em atica l e x p re ss io n s  
app lied  to ion exchange re s in s  a p p ea rs  in  Section  D - l  of C hap ter IV .
R ecen tly  H e lffe rich  (29) em ployed a d isc  m ade of ion exchange m a te r ia l 
w hich gave ex p e rim en ta l v e r if ic a tio n  to the N e rn s t-P la n k  m odel. T u rn e r and 
c o -w o rk e rs  (30) v e r if ie d  the m odel again  w ith  an ion exchange r e s in .  Ion
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exchange r a te  d a ta  have been  in te rp re te d  em ploying the N e rn s t -  P la n k  m odel 
by H erin g  and B liss  (15), Gopola Rao and David (14), M o rig  and Rao (31), and 
Kuo and David (13) w ith lim ited  su c c e ss  .
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C . R es in  P h a se  In te r  d iffusion C oeffic ien ts
E x p e rim en ta l d a ta  and th e o re tic a l co n sid e ra tio n s  have shown th a t the  r e ­
s in  p h ase  in te r  d iffusion co effic ien t is  dependent on m any v a r ia b le s . F o r  a 
g iven  exchange p ro c e s s  som e v a r ia b le s  a re  s e t  by the n a tu re  of the  sy s te m  and 
som e a re  co n tro llab le  by the  d e sig n e r w hile o th e rs  a r e  not co n tro llab le  b u t a re  
p re s e n t  and do influence the  in te rd iffu sio n  co effic ien t. T ab le  N o. 2 l i s t s  and 
c a ta g o riz e s  a ll  the v a r ia b le s  known to  influence the r e s in  p h ase  in te r  d iffusion  
co effic ien t. Note th a t b e ca u se  of v a ria b le  11 the in te rd iffu sio n  co effic ien t 
v a r ie s  f ro m  po in t to p o in t throughout the  e x c h a n g e r .
T h is l i s t  of tw elve v a ria b le s  is  no t a s  fo rm id ab le  as i t  s e e m s . V ariab les  
1 , 2 , 3  and 4 a re  s e t  by the p a r tic u la r  cho ice  of sy s tem  upon w hich exchange of 
som e ion is  d e s ire d . U sually  som e design  c r i t e r ia  o th e r than the m agnitude of 
the  in te rd iffu sio n  co effic ien t d ic ta te s  the  choice  of the r e s in  to be em ployed and 
a lso  d ic ta te s  the te m p e ra tu re  of o p e ra tio n , thus rem oving  v a ria b le s  5, 6 , 7, 8 
and 12. V a ria b le s  9, 10, and 11 a r e  no t co n tro llab le  by the d e sig n e r o r  a re  
they  s e t  by the  p a r t ic u la r  sy s te m . T hese  th re e  v a ria b le s  influence the m ag n i­
tude of th e  in te rd iffu sio n  co effic ien t and m u s t be  analyzed to e n su re  p ro p e r  
k ine tic  d esig n .
1. The In tr in s ic  R esin  P h a se  In te r  d iffusion C oeffic ien t
D uring  exchange the  co n cen tra tio n s  of the  exchanging ion sp ec ie s  changes 
(v a riab le  11). T his changes the env ironm en t of the r e s in  p h ase  and allow s 
so lv en t and so lu te  to be ab so rb ed  o r  d e so rb ed . This im p lies  th a t th e re  e x is t
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TABLE NO. 1 
V a ria b le s  th a t a f fe c t  the In te rd iffu sio n  C oeffic ien t
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T he sp e c ie s  of the ions being  exchanged
2 . S ize  of the  ion sp ec ie s
3. V alence  of th e  ion sp ec ie s
4 . C h em ica l n a tu re  of the  ion sp e c ie s  
The exchange m a tr ix
5. C h em ica l n a tu re  of the  m a tr ix
6 . D eg ree  of c ro s s - l in k in g  of the  m a trix
7. M esh  w idth  of the p o re s  of the m a tr ix
8. C h arg e  den sity  of the  m a tr ix
The co m p o sitio n  of the  p o re  liqu id  in  the  re s in
9. Solvent co n cen tra tio n  in  the r e s in  
10. Solute co n cen tra tio n  in  the r e s in
I I .  The C o u n te r-io n  co n cen tra tio n  of the  r e s in  
12. The te m p e ra tu re  of the exchange
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only one tru ly  independent v a r ia b le ; the  co u n ter ion co n cen tra tio n  of the  r e s in  
p h ase . T h e re fo re , the  m o s t im p o rtan t, b u t u n co n tro llab le , v a ria b le  in flu en c­
ing the in te rd iffu sio n  co effic ien t is  the r e s in  phase co n cen tra tio n  of the en ­
te rin g  and exiting io n s . Knowing the re la tio n sh ip  of the  in te rd iffu sio n  co e ffic ­
ien t w ith  ion co n cen tra tio n  w ill allow b e tte r  approx im ation  of the  in te rd iffu sio n  
co effic ien t and w ill r e s u l t  in  m o re  a c c u ra te  p red ic tio n  of exchange r a t e s .
A t a  c e r ta in  po in t du rin g  the exchange p ro c e ss  th e re  e x is t an in tr in s ic
>99A
in te rd iffu sio n  co effic ien t, D ‘ , which is  a function of v a r ia b le  11. The 
in tr in s ic  in te r  d iffusion co effic ien t is  a  function  of the  r e s in  p h ase  exchangeable 
coun ter ion  co n cen tra tio n .
Of —  C X A ) ,  ( l 0 )
w here  *X^ is  the fra c tio n a l r e s in  phase co n cen tra tio n  of the  en te rin g  ion .
2 . The In teg ra l R esin  P h ase  In te rd iffu sio n  C oefficien t
As exchange o ccu rs  in c re a se s  and the in tr in s ic  in te r  diffusion 
co effic ien t changes . The in te rd iffu sio n  r a te  a t  any tim e  is s e t  by the p re s e n t  
m agnitude of the in tr in s ic  in te r  diffusion co effic ien t, but the c u r re n t  con­
c en tra tio n  of ion A, is  a  cu m ula tive  function of the r e s in s ’ in tr in s ic -  
in te rd iffu sion  coeffic ien t h is to ry  from  the s ta r t  of the  exchange. T his im p lies  
th a t th e re  ex ists  an in te g ra l in te rd iffu sio n  coeffic ien t, Bg. w hich is  defined as 
a  con cen tra tio n  in te g ra te d  av erag e  of the indiv idual in tr in s ic  in te rd iffu sio n  
co effic ien ts :
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aX ( p  ( XA)o fX A /  XA~ XM/
A s im ila r  defined e x p re ss io n  fo r  d iffusion in liqu ids is  given by T y r re l l  (32)
By th is  defin ition  the in te g ra l in te rd iffu sio n  co effic ien t is  a lso  a  function of the  
co n cen tra tio n  of ion A in the re s in :
3 . The E x p e rim en ta l R esin  P h a se  In te rd iffu sion  C oeffic ien t
By em ploying e ith e r  of the  two ex p erim en ta l techn iques d e sc rib e d  above, 
fo r  p a r tic le  d iffusion  c o n tro lled  exchange, d iffusion  in  the r e s in  phase  m ay be 
s tu d ied . A lthough one technique is  c a r r ie d  out in a flow device and the o th er 
in  a  ba tch  d ev ice , the ac tu a l d iffusion  phenom ena is  quan tita tive ly  v e ry  s im i la r .
The ex p erim en ta l d a ta  obtained  fro m  p a r tic le  d iffusion co n tro lled  ex ­
change s tu d ie s  a re  the r e s in  phase  co n cen tra tio n  of the en te rin g  ion (or ex iting  
ion) and the tim e  of p h ase  co n tac t. The re s in  phase  con tains a fixed  exchange 
c ap ac ity , Q\ D uring a ll s tag e s  of exchange, the  num ber of exchange s ite s  
occupied  by the  en te rin g  and exiting  ions m u s t equal the exchange capac ity  (in 
equ ivalen ts). T h is is the e le c tro n e u tra lity  condition (33) and q uan tita tive ly  i t  
is
w here  C 3  is  the sign of the fixed  ionic ch a rg es  in the r e s in  phase (-1  fo r ca tion
( 12)
(13)
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exchangers  and +1 fo r  anion exchangers) and ^  and a re  the  signed  v a l­
ences of the  exchanging c o u n te r io n s . The frac tio n a l capacity  of coun ter ion  A
in  the r e s in  phase is  defined as
S a Q a / C - ^ Q )  <14)
and v a r ie s  fro m  0 to 1 as  exchanges p ro c e e d e s . E x p e rim en ta l d a ta  u su a lly  
a p p ea rs  a s  a  tab le  of X ^ vs . t  o r  as a  p lo t like  F ig u re  4.
R esin  p h ase  d iffusion fo r  the exchange of two coun ter ions A and B w ill 
now be  co n sid e red  q u an tita tiv e ly . Ion B is  in itia lly  in  the r e s in  phase (the 
ex iting  ion) and ion A (the en te r in g  Ion) is  en te rin g  the r e s in  phase  and d is ­
p lac ing  an equ ivalen t am ount of ion B . T h e re  is  a flux  of ion A inw ard and an 
equ ivalen t flux of ion B ou tw ard . The flux of ion B in the r e s in  phase  is  given 
by
7 g “ ”  D; VCB < « >
w here  D* is  the in tr in s ic  r e s in  p h ase  in te rd iffu sion  coeffic ien t. T his 
flux  e x p re ss io n  a p p ea rs  id en tica l to the F ic k s ' law  flux im ployed by Boyd (6) 
w here  the in te rd iffu sio n  co effic ien t w as a ssu m ed  co n stan t, but it  has b een  
a rgued  above th a t the  in te rd iffu sio n  coeffic ien t is  a  function of re s in  p h ase  
co n cen tra tio n , X^ . F o r  the  p u rp o ses  of th is d e riv a tio n  D* is  a  "floa ting
Mas
v a ria b le "  dependent on X ^ , bu t w ill be tre a te d  as a  co n stan t in  the follow ing 
m a th em atica l developm ent.
F o r  a  sy s te m  w ith s p h e r ic a l g eo m etry  (rad iu s a) the flux  of ion B a t
*
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so m e  po in t in  the in te r io r ,  r ,  is
s c
7
A pplying a  com ponent ba lan ce  on ion B a c ro ss  an a r b r i t r a r y  d iffe ren tia l sh e ll 
w ithin  the r e s in  p a r tic le  r e s u l ts  in  the equation
=  (16)
  f j .  I ,^ 2 .  '  i r  i f  /  (17)t  *4 V a r z  r  s » r  /
T his l in e a r  p a r t ia l  d iffe ren tia l equation m u st be so lved  u n d e r the ap p ro p ria te  
in itia l and boundary conditions th a t apply to the two ex p erim en ta l tech n iq u es . 
The in itia l conditions fo r both techniques a re  the  sa m e . A ll ions B a re  in the 
ion exchanger a t  a  un ifo rm  co n cen tra tio n  and no ion B is  in  the liqu id  
p h a se , quan tita tive ly
r>& , t ~o CR(y)=o
0 & r < ( k { t - 0  C g - C J ^ c o w s W - / -  <18)
Two boundary conditions w ill be  co n sid e red ; one fo r each  con tac ting  techn ique. 
T he 1'in fin ite  so lu tion  volum e" boundary condition app lies to the shallow  bed 
techn ique, i t  is
' r=<X , t >0 Cb(£)-0 m
U nder shallow  bed opera ting  co n d itio n s , the co n cen tra tio n  of ion B a t  the bead  
su rfa c e  is  the  sam e  as in the  bulk so lu tion  ( i .e .  C ,o-  0). T his boundary con- 
d ition  w ill a lso  apply to the lim ited  bath technique if the liqu id  phase
31
co n cen tra tio n  of ion B re m a in s  neg lig ib le  throughout the p r o c e s s . T h is  con­
dition  is  m e t in  a lim ited  ba th  technique when the so lu tion  volum e is  so  la rg e  
th a t
C V  «  C  V (20)
w h ere  C is  th e  to ta l co n cen tra tio n  of co u n ter ions and V is  the to ta l volum e of 
the  liquid  p h a se . If th is  second  boundary  condition  is  no t m e t,  a  second  
boundary condition  c a lled  the " fin ite  so lu tion  volum e" condition  m u s t be app lied .
a . In fin ite  Solution V olum e C ondition
The so lu tion  of E quation  ( 7 )  under C onditions (IS) and  (19) is
S in mfd/as exp^rfrr1 zf) (2i>
j  \  * S
B  f i - 1
w here  C ^ ( t ,r )  is  the co n cen tra tio n  of ion  B in -the  ion exchanger a t tim e  t  and 
p osition  r  fro m  the  c e n te r  (34), and
7 L2}=D; t/d/cL) <22>
In teg ra tio n  of Equation (11) th roughout the bead
/ d ,  / %  P i
dr (23)
> c a  /
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leads to
'  1 .   _
(24)
c o
e X p ( ~ n W *
f t - I
w here  Q ^{t) is the am ount of B in  the ion  exchanger a t  tim e  t ,  and is  the 
in itia l am ount of B in  the ion  e x ch an g e r. E x p re s s io n  (24) g ives the  av erag e  
r e s in  p h a se  co n cen tra tio n  of ion  B w ith tim e . T h is  av erag e  co n cen tra tio n  is 
due to the  cum ula tive  e ffec t of the  in tr in s ic  r e s in  phase -  in te rd iffu sio n  
co effic ien ts  encoun tered  to th is  po in t. T he in te r  d iffusion co effic ien t em ployed 
in E x p re ss io n  (24) w hich p re d ic ts  the a v e rag e  r e s in  phase  co n cen tra tio n  m ust 
be the  in te g ra l r e s in  p h ase  in te rd iffu sio n  co effic ien t
= E>x i/Q H r (25)
If the exchanger con ta in s in it ia l  a ll ion B then by E quation  (13)
B  * B  ^  (26)
S ubstitu ting  (26) p lu s the  e le c tro n e u tra lity  condition into Equation  (24) and
applying the  id en tity  E x p re s s io n  (14) r e s u l ts  in
©9
(27)
p - l
The fra c tio n a l a tta in m en t of the  exchange capac ity  X^(*2^.) is  seen  to  b e  d e ­
pendant only on the m agnitude of the d im en sio n less  p a ra m e te r  t / a ^ .  The 
function is  p lo tted  in  F ig u re  5 and tab u la ted  in Appendix B .
AO
r
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FIGURES. IN F IN IT E  SOLUTION VOLUME CONDITION FOR 
PARTICLE DIFFUSION CONTROLLED EXCHANGE
COCO
E quation  (27) does no t converge  rap id ly  fo r sm a ll values of ”2^- and the 
follow ing app rox im ation  is  m o re  usefu l (35)
x f-
u  • t —* ;  (28)
F o r  la rg e  v a lues of the  te rm s  h igher than  f i r s t  o rd e r  in  E quation  (27)
can  be d is re g a rd e d  re s u lt in g  in
\ ( g )  > 0 . 8 . (29)
T he fra c tio n a l cap ac ity  of the  exchanger to en te r in g  ion A is  a  function 
of a  d im en sio n less  p a ra m e te r  ^  w hich con ta in s the in te g ra l r e s in  phase  -  
in te rd iffu sio n  co effic ien t, the  r e s in  p a r tic le  ra d iu s  and the  tim e  of phase  con­
ta c t .  T h is  equation  ap p lie s  to any p a r tic le  d iffusion co n tro lled  ion exchange 
phenom ena. E x p e rim en ta l da ta  c o n s is t  of v s .  t .  Em ploying X^ (2^)
fro m  th is  r a te  d a ta  and the  so lu tio n  to Equation  (27) a llow s d e te rm in a tio n  of 
2 ^ .  The phase  co n tac tin g  tim e  needed to b r in g  about th is  av erag e  frac tio n a l 
cap ac ity  is  a lso  known, as  is  the p a r tic le  d ia m e te r . Solution of E quation  (25)
0» asm
fo r  an effective  in te rd iffu sio n  co effic ien t n e c e s sa ry  to y ie ld  th is  ( ‘2^) vs . t
d a ta  is  p o ss ib le . T h is effective  in te rd iffu sio n  co effic ien t m u st be  the cum ula­
tiv e  e ffec t of the ind iv idual in tr in s ic  in te rd iffu sion  co effic ien ts  n e c e s sa ry  to 
a tta in  th is  ex p erim en ta lly  d e te rm in ed  fra c tio n a l cap ac ity , i . e .  th is  effective 
in te r  d iffusion co effic ien t is  the in te g ra l r e s in  phase  in te r  d iffusion  coeffic ien t,
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I t  is  n e c e s sa ry  to so lv e  Equation (27) in  r e v e r s e  to ob tain**^. T h is  w as
done by em ploying a N ew tons1 in te rp o la tin g  polynom ial of the  th ird  d eg ree  (36)
Solution of E quation  (27) w as obtained fo r  th ir ty  poin ts ran g in g  fro m  X ^=0.0034 
to X ^ = 0 .9857 w ith co rre sp o n d in g  '2 jO f  0.000001 and 0 .3 8 . T hese  th ir ty  
po in ts and the  divided d iffe ren ces  fo r  tlie in te rp o la tin g  polynom ial a re  shown in  
Appendix B .
b . F in ite  Solution V olum e C ondition
If in  the lim ited  ba th  technique the  co n cen tra tio n  of ion B in  the liqu id  
p h ase  b ecom es ap p rec iab le  so lu tion  of E quation (17) becom es m o re  com plex . 
T h is com plexity  is  b rough t about by the boundary condition fo r  the T,fin ite  
so lu tion  volum e1' condition . The m o re  g e n e ra l." f in ite  so lu tio n  volum e" con­
dition  is  obtained  from  the m a te r ia l ba lance  -dQ  -  dQ . T he condition is  
(equ ilib rium  a t the  in te rfa c e  is  assum ed)
The so lu tion  of Equation (31) under in itia l Condition (18) and B oundary Condition
(31) is  given by P a te rso n  (37) fo r the  co rre sp o n d in g  h e a t- tra n s fe r  p ro b lem . 
T abu la ted  r e s u l ts  a re  a lso  given in  H elffe rich  (4). F o r the condition of
(30)
(31)
Inequality  (20) Boundary C ondition (31) red u ces  to  B oundary Condition (19) 
fo r  the " in fin ite  so lu tion  volum e" condition . A t th is  cond ition , the  so lu tions 
of E quation  (31) a r e  equ ivalen t.
In te rp re ta tio n  of r e s in  p h ase  d iffusion w as p e rfo rm ed  w ith the  s im p le r
i
" in fin ite  so lu tion  volum e" e x p re ss io n . The " fin ite  so lu tio n  volum e" so lu tion  
has been  included  fo r  c o m p le te n e s s .
D . T he N e rn s t -  P la n k  In te r  d iffusion C oeffic ien t
In  th e  exchange of two d iffe ren t ionic s p e c ie s , the fluxes of the  sp ec ie s  
a r e  coupled  w ith one a n o th e r . Such p ro c e s s e s  cannot b e  adequately  d e sc rib e d  
in te rm s  of a  co n stan t d iffusion  co effic ien t. A m o s t im p o rtan t fe a tu re  of io n - 
exchange of d iffe ren t sp ec ie s  is  the e le c tr ic  coupling of the  ionic f lu x e s . 
H e lffe rich  and P le s s e t  (38) c o n s id e re d  the  e ffec t of e le c tr ic  coupling fo r d if­
fusing  ions w ithin the r e s in  p h a se .
I t  h a s  a lre ad y  been po in ted  out th a t co n se rv a tio n  of e le c tro n e u tra lity  
re q u ire s  s to ich io m etric  exchange, i . e .  the fluxes (in equivalen ts) of the  ex ­
changing ions m u s t be equal in  m agnitude s in ce  o th e rw ise  a n e t t r a n s fe r  of 
e le c tr ic  ch arg e  would r e s u l t .  The reg u la tin g  m ech an ism  which en fo rces  the 
equality  of the fluxes is  the e le c tr ic  fie ld  s e t  up by the d iffusion p r o c e s s . The 
fa s te r  co u n te r io n , of c o u rs e , tends to diffuse a t  the h igher r a te .  H ow ever, any 
e x cess  c h a rg e  t r a n s fe r  by th e  f a s te r  ion would build  up a  sp ace  ch arg e  w hich 
slow s down the  f a s te r  ion and a c c e le ra te s  the s lo w er io n . The s lig h te s t deviation  
fro m  e le c tro n e u tra lity  r e s u l ts  in a  v e ry  s tro n g  e le c tr ic  fie ld  which p rev en ts
accum ulation  of n e t c h a rg e . Thus e le c tro n e u tra lity  is  p re s e rv e d . In o th e r 
w ords the e le c tr ic  fie ld  g e n e ra te d  by the diffusion p ro c e ss  p ro d u ces  an e le c tr ic  
t ra n s fe re n c e  of both co u n ter ions in the  d ire c tio n  of d iffusion of the s lo w er 
c o u n te r ion ; th is  e le c tr ic  t ra n s fe re n c e  is  su p erim p o sed  on the  ch em ica l p o ten ­
t ia l  d iffusion . The re su ltin g  n e t fluxes of the co u n ter ions a r e  equ ivalen t to 
one a n o th e r, w hile the  p u re ly  d iffusional fluxes a re  u su a lly  n o t. This d iscu ss io n  
im p lie s  th a t the  action  of the e le c tr ic  fo rc e s  is  an  e s s e n tia l  fe a tu re  of the r e s in  
p h ase  d iffusion  phenom ena and m u s t b e  taken  in to  account in  any quan tita tive  
ap p ro ach .
1. D eriva tion  of the N e rn s t -  P lan k  In te rd iffu sio n  C oeffic ien t
This d e riv a tio n  follow s th a t p re se n te d  by H e lffe rich  (4) bu t with som e 
m odifica tions to m ain ta in  continuity  of th is  p re se n ta tio n .
An e le c tr ic  fie ld  in an e le c tro ly te  so lu tion  p rod u ces  tra n s fe re n c e  of ions 
( i . e .  d iffusion of ions fro m  an a re a  of high ch arg e  density  to an a re a  of low er 
c h a rg e  d e n s ity ) . In a so lu tion  of un ifo rm  com position , the tra n s fe re n c e  
of sp ec ie s  A in  the d irec tio n  of the  c u r r e n t  is  p ro p o rtio n a l to the  g ra d ie n t of the 
e le c tr ic  p o te n t ia l^  and to  the co n cen tra tio n  C/^ and e lec tro ch em ica l va lence
The p ro p o rtio n a lity  fa c to r is  defined as the e lec tro c h e m ic a l m obility  of the 
sp e c ie s  and is  re la te d  to the individual ion d iffu siv ity , , of the  sp ec ie s  by
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th e  N e rn s t -  E in ste in  E quation
~  —  (33)UA = da 9 / r t
w h ere  F  is  the F a ra d a y  c o n s ta n t, R is  the gas co n stan t, and T is the abso lu te  
te m p e ra tu re . R elation  (33) is  d e riv ed  fo r ideal so lu tio n s  bu t ex p e rien ce  has 
shown th a t i t  can  be u sed  as a  good approx im ation  even in ion ex ch a n g e rs . 
D efo rm ation  of ionic clouds by the e le c tr ic  fie ld  is  known to co n trib u te  to the  
dev iations of E quation  (33) in nonideal sy s tem s  b u t the sm a lln e ss  of the p o re s  in 
an ion -exchange  m a te r ia l  m ay p re v e n t the fo rm atio n  of ionic c lo u d s .
• In sid e  the r e s in  p h ase  co n cen tra tio n  g rad ien ts  e x is t to p rov ide  the  
ch em ica l p o ten tia l fo r  the p u re ly  s ta t is t ic a l  d iffusion given by E quation  (15).
T he e le c tr ic  tra n s fe re n c e  is  su p erim p o sed  on the  p u re ly  s ta t is t ic a l  d iffusion  
and  the  re su ltin g  n e t flux  of sp e c ie s  A is
S ubstitu ting  E x p ress io n s  (15) and (32) r e s u lts  in:
7 ^ - D a ( V C a ^ C a § V ^ )
T his re la tio n  is  known as the  N e rn s t -  P lank  Equation  and h o ld s , in id ea l 
s y s te m s , fo r  a ll m obile  sp ec ie s  p re s e n t . This equation is  d e riv ed  u n d er the 
s im p lify ing  assum ptions th a t th e re  is  no convection  tra n s fe r  and th a t the 
g rad ien ts  of p re s s u re  and ac tiv ity  coeffic ien ts  a re  not included .
The N e rn s t -  P lan k  E quations have been so lved  fo r p a r tic le  -  d iffusion 
co n tro lled  exchange w ith the follow ing additional a ssu m p tio n s . The p re se n c e
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of co -io n s  in  th e  ion exchanger is  neg lec ted , and the  m o la rity  of the fixed  ionic 
g roups and the  indiv idual d iffusion coeffic ien ts is  a ssu m ed  to re m a in  co n stan t. 
T he f i r s t  assu m p tio n  is  a ju s tified  approxim ation  if Donnan exclusion  of the c o ­
ions is  s tro n g . T his is  the  c a se  u n le ss  the co n cen tra tio n  of the  so lu tion  is  high 
and the ion exchanger is  w eakly d is so c ia te d . T he o th e r assu m p tio n s a re  re a s o n ­
ab le  approx im ations i f  sw elling  changes and sp ec ific  in te rac tio n s  a re  not s ig ­
n ifican t.
U nder th e se  a ssu m p tio n s , the  sy s tem  is su b jec t to the e le c tro n e u tra lity  
condition  (Equation (13) ) in  co n cen tra tio n  units
I t  h a s  been  m entioned  b e fo re  th a t if  the  e lec tro n e u tra lity  condition app lies  then 
the  inw ard and outw ard fluxs in equ ivalen ts m u s t be  id e n tic a l, quan tita tive ly
T h ese  two equations fo r  the  two co u n ter ions A and B can be com bined , e lim in a ­
tin g  the e le c tr ic  p o ten tia l group of te rm s  by u sing  E quations (36) and (37) r e -
(36)
(37)
The N e rn s t P la n k  E quations fo r both ion sp ec ies
(35a)
(35b)
su itin g  in a  flux  e x p re ss io n  fo r of the fo rm
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T&~~ £>a  D b (* ~ a C a + W ?  j
* a C a B a  + 2 | ( - b q » \
V C ■A (38)
This equation m ay be c o n sid e red  as a sp ec ia l fo rm  of T ic k 's  f i r s t  law . It 
d e sc rib e s  the coupled in te rd iffu sio n  of the ion sp ec ie s  in  te rm s  of one in ter- 
diffusion coeffic ien t (the N e rn s t-P la n k  in te r  d iffusion  coefficient)
a *- * ‘ ri* n *ma 4>nn
AB *bCb d8
(39)
T he N e rn s t-P la n k  in te r  d iffusion  co effic ien t fo r  r e s in  phase  d iffusion  d e ­
pends on the  re la tiv e  co n cen tra tio n s  of A and B , i . e .  on the  fra c tio n a l exchange 
capacity  of a  sp ec ie s  in  the exchanger w hich changes in the c o u rse  of ion ex­
change. F o r  CA «  C q  ( i .e .  X ^ ^ O ), the in te rd iffu sio n  co effic ien t a ssu m e s  the  
value , and fo r Ce « C A the value Dg . T his im p lies  th a t the ion in  the 
s m a lle r  co n cen tra tio n  has the s tro n g e r  effect on the r a te  of in te r  d iffusion . 
A pplying a  com ponent ba lan ce  a c ro ss  an a rb i tr a ry  d iffe ren tia l sh e ll 
re s u lts  in an e x p re ss io n  s im ila r  to Equation (17) but of n o n -lin e a r  fo rm
(40)
w here D ^ g is  given by E quation (39), canno t be a ssu m ed  c o n stan t under
the o p era tio n  e^?K *because i t  con tains the dependent v a ria b le  . T h is p a r ­
tia l d iffe ren tia l equation has no t been solved an a ly tica lly . N u m erica l so lu tions
41
have been  ca lcu la ted  by H e lffe rich  and P le s s e t  (38) and P ie s  s e t ,  H e lffe rich  
and F ran k lin  (39) fo r  d iffe ren t values of the r a t io  and fo r com ple te
co n v ersio n  fro m  B fo rm  to A fo rm  (C onditions (18) and (19)) by the  u se  of 
e lec tro n ic  c o m p u te rs . T he re s u l ts  a re  p re se n te d  in  tab u la ted  and g rap h ica l 
fo rm . R ecently  add itional n u m e ric a l so lu tions have been  p roduced  by B erin g  
and B lis s  (15)
2 . E x p e rim en ta l R es in  P h a se  Ion D iffusiv ities
The in te r  d iffusion  co effic ien t defined  by Equation  (39) con tains the ion 
d iffu siv ities  of the  en te rin g  an exciting  ions and D g re sp e c tiv e ly . The 
nam e " io n  d iffusiv ity" is  cho sen  to d is tin g u ish  th is  co effic ien t fro m  the  ions 
se lf  d iffusion co effic ien t. T h is  d is tin c tio n  needs to be m ade b ecau se  the  se lf  
d iffusion  co effic ien t is  obtained  under eq u ilib riu m  conditions ( re s in  phase  
con tains only one ion sp ec ie s) w h ereas  the  ion d iffu siv ities  a r e  o p e ra tiv e  under 
conditions of changing r e s in  phase  co n cen tra tio n  (the two sp ec ie s  of ions and 
th e ir  re la tiv e  c o n cen tra tio n  a re  continuously  ch an g in g ). The N e rn s t-P la n k  
in te rd iffu sio n  co effic ien t depends n o t only on the indiv idual ion d iffu siv ities  
and Dg ; i t  is  a lso  a  function of the co n cen tra tio n  ra t io  /C  and th e re fo re  a 
function oi me tim e  and sp ace  c o o rd in a te s . F ig u re  6 shows the dependence of 
the in  te r  d iffusion co effic ien t on the ionic co n cen tra tio n  of the ex ch an g er, 
c a lcu la ted  fro m  Equation (39), fo r the in te rd iffu sio n  of ions of equal v a len ce . 
The d iffe ren t c u rv e s  co rre sp o n d  to d iffe ren t ra tio s  / D g .
N um erical ca lcu la tio n s  produced by H e lffe rich  and P le s s e t  (38, 39)
/y'gcLre S Tnher diffusion Coefficient in th e
Tos?  Exchanger & s  cl  Function o f  Compos/h/ofi
i^ s g^gasEgy^ igg^ TOaregicaEaiuai^ ^
JToriic F ra c tio n  o f  B>
showing the v a ria tio n  of r e s in  p h ase  con cen tra tio n  w ith ra d iu s  fo r  v a rio u s  
v a lu es  of X ^  ap p ea r in F ig u re s  7, 8, and 9. T he th re e  p lo ts  r e p re s e n t  
v a rio u s  ra tio s  of /D^> and T hese p lo ts  show  the  d ra m a tic  e ffec t
of the  sp ace  co o rd in a te  ( r - ra d iu s )  on the ionic co m p o sitio n , and se e m s  to 
cloud any hope of d e te rm in in g  ion d iffu siv ities  fro m  E quation  (39) and v s . t  
d a ta . T h ese  r e s u l ts  a re  b rough t in to  b e tte r  p e rsp e c tiv e  if the follow ing t r a n s ­
fo rm atio n s  a re  p e rfo rm ed :
m
(41)
_    . ^  ^  ^  j  i
o s ? )  j a Kt ' r ^ )
and v/A/ <42)/v0 =fyk) •
P lo ts  of 2^Q ^/(-£$Q ) v s .  (V /1^  ) ap p ea r in F ig u re s  10, 11, and 12. The p lo ts 
show th a t fo r  a p a r t ic u la r  value of X ^  the bulk volum e of the  re s in  phase  is  
ex p erien c in g  an ap p ro x im ate  av erag e  co n cen tra tio n  of X ^ :
™  Q b / ( ~ (43)
In the  l im it  as app roaches 1 .0  th is  re s u l t  is  ex ac t. T h is im p lie s  th a t 
in fluences the m agnitude of the in te rd iffu sio n  co effic ien t m o re  s tro n g ly  than the 
sp ac ia l co n cen tra tio n s  in d e te rm in in g  bulk frac tio n a l r e s in  cap ac ity . T h is is  
a  v e ry  fo rtu n a te  r e s u l t  and allow s the con cen tra tio n  te rm s  in  Equation (39) to 
be  re p la c e d  w ith capac ity  te rm s  w ith good approx im ation :
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T he in te rd iffu sio n  c o e ffic ien t defined by Equation  (44) is  the in tr in s ic  
in te rd iffu sio n  co effic ien t, D j  ,  d isc u sse d  in  sec tio n  C , and p o s tu la ted  to be a 
function  of r e s in  p h ase  c ap a c ity  as  shown by E quation  (10). The in te rd iffu sio n  
co effic ien ts  c a lcu la ted  f ro m  X ^  v s .  t  da ta  and d iscu ssed  in s ec tio n  C3 a re  
ac tu a lly  ex p e rim en ta l v a lu es  of the in te g ra l in te r  d iffusion co effic ien t defined 
by E quation  (11). An in te g ra te d  a v e rag e  of Equation (44) w ith r e s p e c t  to X^ 
should  y ie ld  an an a ly tica l e x p re ss io n  fo r  the in te g ra l in te r  d iffusion  co effic ien t. 
The follow ing in te g ra tio n  and a lg eb ra ic  m an ip ila tions a re  m ade s im p le r  if the 
in v e rse  of E quation  (44) is  em ployed:
a
& A  Q a  D a
Da Ds Q $$a +  Qb)
(45)
T his tra n s fo rm a tio n  en ta ils  nothing m o re  than  in te rp re tin g  the re c ip ro c a l 
in te rd iffu sio n  co effic ien t a s  a  r e s is ta n c e  coeffic ien t. Applying the e lec tro n e u ­
tra l i ty  condition w ith cap ac ity  te rm s , Equation (13) re s u lts  in:
i - = Y (  ______V
M
i \
&A 8 A
1 m*itu M
\@ a $am »
F ro m  Equation  (13) the fo llow ing fo llow s:
X  a “  £^ 8
(47)
w h ere  the  fra c tio n a l r e s in  cap ac ity  occupied  by ion B and is  defined by
V  s  Q b
A g -  _ -  —
(48)
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A fte r su b stitu tio n  of E quation  (47), E quation  (46) re d u c es  to
^ 1 8
f  >u V
£>3 Pa.
(49)
A co n cen tra tio n  a v e rag e d  re c ip ro c a l  in te rd iffu sio n  co effic ien t is  now defined 
by:
(50)
'A 3
—
d jA
D a b
Xt
T his  in te g ra te d  fo rm  of th e  re c ip ro c a l  in tr in s ic  in te r  d iffusion  co effic ien t w ill 
b e  the  re c ip ro c a l in te g ra l in te rd iffu sio n  co effic ien t,
a 'A
c / X j (51)
T he ind ica ted  in te g ra ls  m ay  be found in any e lem en ta ry  ca lcu lu s  tex t (30) . 
P e rfo rm in g  the in d ica ted  o p e ra tio n s  y ie ld s :
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T his fo rm  of the re c ip ro c a l in te g ra l in te rd iffu sio n  co effic ien t is  unsu ited  fo r  
the  c a s e  2 ^ = 2 ^  s in ce
1 and a r e  undefin ed .
S etting  2^  = 2 ^  in  Equation  (47) and in teg ra tin g  r e s u l ts  in
' i  ■_ i + 1 
+ T
•m
i i
0AS ‘  5 XA
(53)
A check  fo r  the l im it  of ( 4 / ^ j g ^  a t X A  =0 show s
J m
X r>0
The follow ing equality  is  u sed  in the lim itin g  p ro c e s s :
'  1  ' "  1 "
Pab. A .
(54)
fro  V  %
(55)
T h is l im it  check  shows th a t the en te rin g  ion has the  s tro n g e r  influence of the 
m agnitude  of the  in te rd iffu sio n  co effic ien t. The l im it  a t = 1 has no m eaning  
b ecau se  of the in teg ra tio n  p ro c e s s .
N u m erica l r e s u lts  fo r  E quations (52) and (53) ap p ea r in F ig u re s  13, 14, 
15, and 16. T h ese  re s u lts  a r e  fo r  D/j /D ^  ra tio s  of 0 .1  and 10 .0  and T able  2 
show s the  v a len ces  which apply to the v a rio u s  com binations of va len ces  fo r  the 
e n te r in g  and ex iting  io n s . I t  should be noted in  th e se  fig u res  th a t the va lence  
has a  s tro n g  influence on the  re c ip ro c a l in te rd iffu sio n  coeffic ien t.
TABLE NO. 2 
V alence  C om binations -  E n te rin g  ancl E x iting  Ions
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C ase  V alen ce  ion A V alence ion B
  — -------------  h (?----------
I  -1  -1
n  - l  -2
m  - l  -3
IV -1  -4
V -2  -1
VI -2  -2
VII -2  -3
VIII -2  -4
IX -3  -1
X -3  -2
XI -3  -3
x n  -3  -4
XIH ‘ -4  -1
XIV -4  -2
XV -4  -3
XVI -4  -4
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CH A PTER V 
EX PERIM EN TA L TECHNIQUE
A . Shallow  Bed R e a c to r
A shallow  bed r e a c to r  c o n s is ts  of a  th in  bed  of r e s in  held  in  a  c ir c u la r  
sec tio n  of g la ssw a re  su p p o rted  above and below  by s c re e n . T he liquid  co n ta in ­
ing an exchangeable  co u n te r ion is  fo rce d  th rough  th e  bed e ith e r  upflow o r  down- 
flow  a t a  h igh , co n stan t r a t e . The change in  effluen t com position  w ith tim e  is  
m e a su re d . T h is can be done by co lle c tin g  and analyzing  s a m p le s . The m e a ­
su re m e n t g ives the exchange flux a s  a  function of tim e . T he fra c tio n a l a tta in ­
m en t of eq u ilib riu m  as  a  function  of tim e  can be obtained  fro m  the flux by 
g rap h ica l in te g ra tio n . T his techn ique is  ap p licab le  to ion exchange and iso top ic  
ex ch an g e .
Boyd (6) w as the f i r s t  to em ploy th is  dev ice  fo r  p a r tic le  d iffusion co n tro l 
s tu d ie s . duDom ain and c o -w o rk e rs  (10) w ere  f i r s t  to use  a  shallow  bed m ade 
of ion exchange m a te r ia l . T h is  m ethod  of con tac ting  re s in  and liquid has been  
developed (7) u n til the bed h as  been  re p la ce d  by a  s ing le  p a r tic le  (13, 14). The 
d ev ice  em ployed in th is  study  is  co n stru c te d  in a  m an n er s im ila r  to th a t em ployed 
by T ien  (11).
T he device c o n s is ts  of a  B uchner funnel (w ith f r i t  rem oved) fitted  w ith two 
rem o v ab le  s c r e e n s .  D ia m e te r of the funnel is  in ch es . The bottom  s c re e n  
is  su p ported  below  by g la ss  sh o t. T he upper s c r e e n  r e s ts  upon the r e s in .  The 
funnel is  a ttach ed  to the  r e a c to r  e n tra n ce  sec tio n  w ith a sp ec ia lly  adopted 1 1 /2  
inch  union and a sso c ia ted  0 -r in g  s e a l .  The r e a c to r  en tran ce  sec tio n  c o n s is ts
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of a  1 /2 "  X  1 1 /2 "  sw edge . C o n stru c tio n  d e ta ils  a re  show n in  F ig u re  1 7 . The 
re a c to r  is  p ro ceed ed  by a  th re e -w ay  stopcock w hich can  be  opened in s ta n tan ­
eously  to send  feed  to  th e  r e a c to r .  The com ple ted  ap p a ra tu s  con tains s e rv ic e  
lin e s  to  s e t  the  flow r a te  and p re p a re  the r e a c to r  fo r o p e ra tio n . F ig u re  18 
show s th e  r e a c to r  and a c c e s s o ry  a p p a ra tu s . T he re s in  is  no t re g e n e ra te d  in 
the r e a c to r  b u t is  p re p a re d  w ith in  s tan d a rd  la b o ra to ry  g la ssw a re  and s lu r r ie d  
into th e  r e a c to r  w ith  d is ti l le d  w a te r .
B . C h lo ride  A nalysis  T echniques
1. S ilv e r E le c tro d e
C h lo rid e  ion co n cen tra tio n s  w e re  m e a su re d  u sing  a B eckm an S ilv e r 
E le c tro d e  (40) w ith a s so c ia te d  S tandard  C alom el R efe ren ce  E lec tro d e  and a 
L eed s and N o rth ru p  Expanded R ange pH M ete r (41). T he e lec tro d e  w as c a l i ­
b ra te d  w ith  so lu tions of known ch lo rid e  c o n c e n tra tio n s . A c a lib ra tio n  cu rve  
w as p re p a re d . A s t r a ig h t  lin e  w as obtained on a  se m i- lo g  p lo t of ch lo rid e  
co n cen tra tio n  w ith m illiv o lt p o ten tia l ( 4 pH u n its ) . The m illiv o lt p o ten tia l was 
ob tained  fo r each  unknown sam p le  and the c a lib ra tio n  c u rv e  was u sed  to obtain 
the co rre sp o n d in g  ch lo rid e  co n cen tra tio n . T he e lec tro d e  was re c a lib ra te d  anew 
p r io r  to  each  b a tch  of s a m p le s . T h is technique gave s a tis fa c to ry  re s u l ts  and 
w as em ployed fo r a ll eq u ilib riu m  ru n s  and s e v e ra l  of th e  shallow  bed re a c to r  
r u n s . T he rem a in in g  shallow  bed  re a c to r  ru n s  w ere  analyzed  by t r a c e r  te ch ­
n iques an tic ipating  a  se lf-d iffu s io n  ru n .
♦
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2 . L iqu id  S c in tilla tion  C ounter
C h lo ride  an a ly s is  w as im proved  by em ploying c h lo rin e  -  36 a s  a t r a c e r .
E ach  batch  of 0 . IN . NaCl w as tagged w ith a  quantity  of C l-36  av a ilab le  as
0 .32  N IIC l. T ab le  3 gives te ch n ica l da ta  on the  iso to p e . The am ount of C l-36  
added to  each  b a tch  w as equ ivalen t to app ro x im ate ly  5, 000 d is in te g ra tio n s  p e r  
m in u te . A T r i-C a rb  L iquid S c in tilla tio n  S p e c tro m e te r S ystem  (42) was u sed  
to  m e a su re  the ac tiv ity  of the s a m p le s .
P ro b lem s  w e re  enco u n te red  w hile try in g  to in c o rp o ra te  1 m l. of aqueous 
N aCl sam p le  into the  naph thalene  -  p a rad io x an e  sc in tilla tio n  so lv en t sugg ested  
by P eng  (43). The suggested  so lv en t in c o rp o ra te d  the  aqueous p h ase  b u t " sa lte d  
out" the d isso lv ed  NaCl w hich s e tt le d  to the bottom  of th e  v ia l a s  a  w hite p e r c i -  
c ita te  and in tu rn  d ra s tic a lly  low ered  the m e a su ra b le  c o u n ts . T h is p ro b lem  w as 
overco m e by em ploying a  th ixo trop ic  g e l (44) w hich suspended  the  inso lub le  
m a tte r  and stopped se ttlin g  a lm o s t co m p le te ly . The fin a l liqu id  s c in t illa to r  
developed w as 4 g ra m s  P P O , 0 .1  g ra m s  P O P O P , 625 m l. T o luene , 375 m l. 
ethyl alcohol and 50 g ram s of T h ixcin . S ettling  ov er a th re e  day p e rio d  showed 
no red u c tio n  in c o u n ts . M easu rem en t w as m ade w ith 1 m l. of sam p le  in 20 m l. 
of s c in t illa to r  liq u id .
T e s ts  w ere  m ade to d e te rm in e  any ch em ica l quenching e x e r te d  by the 
p re se n c e  of H C O j in  shallow  bed ru n  s a m p le s . It is  conce ivab le  th a t IICO^ 
could adsoi’b som e energy  a sso c ia te d  w ith the ^ - p a r t ic le  and deg rad e  i t  to a 
fo rm  not capab le  of exciting  the f lu o r . No quenching w as d e tec ted  and the m ain  
so u rc e  of e r r o r  w as found to be due to v a r ia tio n  in d e liv e rjr of 1 m l . of the
TABLE 3
T echn ica l D ata Cl -  36 R adio iso tope Solution
Iso to p e : Cl -  36
M ode of D ecay : ^
H alf L ife ; 3 X 1 0 ^ y r .
E n e rg y : 0 .7 1  M ev .
A ssay  D ate: 1 0 /2 0 /6 7  
C hem ica l F o rm : .32 N . HCl
Specific A ctiv ity : 1 .0 4  / { e u r i e s / g r .  
C oncen tra tion : 11 .84  / J . C / m \ .
R ad io m etric  P u r ity :  99+ %
P r in c ip a l R ad ioac tive  C o n tam in an ts : none 
T o ta l S o lids: 0 .1  m g . /m l .
M ethod of P re p e ra tio n ; Cl -  35 (n ,£/) C l - 3 6 .
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s a m p le . A fte r  obtain ing the  c o r r e c t  p ip e t and p ro tec tin g  a  technique v e ry  
s a tis fa c to ry  re s u lts  w e re  obtained .
C . R es in  P re p e ra tio n
F iv e  pounds of v irg in  IRA-6 8 w as obtained fro m  the R ohm  and H aas C om ­
pany , P h ilid e lp h ia , P en n sy lv an ia . T he follow ing s te p s  w ere  p e rfo rm ed  to p r e ­
p a re  the r e s in  p r io r  to  and a f te r  shallow  bed r e a c to r  r u n s .
1. S creen in g
The v irg in  r e s in  (rece iv ed  in  f r e e  b a se  form ) was w ashed  w ith tap  w a te r . 
T he re s in  w as then s lu r r ie d  onto a U .S . S tandard  20 m esh  s c r e e n  w ith tap 
w a te r . Only th ose  bead s  w hich b ecam e en trapped  in  the s c r e e n  openings w ere  
u sed  in the shallow  b ed . P a r t ic le s  of d ia m e te r  of 0 .0841 c m . w ere  u sed  in all 
r u n s . The re m a in d e r  of the  re s in  w as s e t  a s id e  fo r  equ ilib riu m  s tu d ie s .
2 . C h em ica l T re a tm e n t of R esin
The r e s in  was tre a te d  th rough two cycles of HCl-NH^OH additions to 
leach  out any unp o ly m erized  o rg an ics  and o ther fo re ig n  m a te r ia ls .  One re a c to r  
c h a rg e  of r e s in  ( 4 - 5  g ram s) was p laced  in a f r i t te d  B uckner funnel and tre a te d  
w ith a  4% N H ^ so lu tion  fo r  a p e rio d  of no t le s s  than  twenty fo u r hours . The 
r e s in  w as then  w ashed w ith  d is tille d  w a te r fo r tw enty fou r h o u r s . A day p r io r  
to en te rin g  the shallow  bed  re a c to r  th e  re s in  w as ca rb o n ated  fo r  a p e rio d  of not 
le s s  than tw enty fou r h o u rs  w ith the carb o n atio n  app ara tu s  shown in F ig u re  19.
F i g u r e  1 9  ) R e s i n  C a r h o n a i i a n  A p p a r a t u s
 ^  ‘f c  a t m o s p h e r e .
i "  G lass Cctfbonsdiojn C o lu m n
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T he re a c tio n  re p re se n tin g  the  carbonation  tre a tm e n t is
[ r -n]  + + coz ^ [ r-nh} hco3. (66)
T he re s in  is  now in the b ica rb o n a te  fo rm . P r io r  to en te rin g  the r e a c to r ,  the 
r e s in  was again  flushed  w ith  d is til le d  w a te r . R eac to r feed  w as NaCl and the 
ch lo rid e  ion re p la ce d  the HCOJ ion on the r e s in  by the re a c tio n
+AfaCI H C 03 . (57)
A fte r com pletion  of a shallow  bed ru n  the r e s in  w as rem o v ed  fro m  the r e a c to r  
leach ed  w ith  NaCl to re p la c e  any rem a in in g  HCOJ' ions and tre a te d  w ith  4% NH 
so lu tio n , r in se d  and d rie d  a t  60°C . D rying w as fo r ten  d ay s , the tim e  re q u ire d  
fo r  the r e s in  to approach  a co n stan t w eight. A fte r w eighing the r e s in  w as d is ­
c a rd e d .
D . D ata P ro c e s s in g
1. Rough R eac to r D ata
a . An In te rd iffu sion  Run
W ith the r e s in  in  the b ica rb o n a te  fo rm  the re a c to r  is read y  fo r an  in te r ­
d iffusion ru n  ( i . e .  exchange of HCOJ fo r Cl" ). The feed  so lu tion  con tains 
0 . 100N. NaCl tagged w ith C l-3 6 . F low  ra te  th rough the re a c to r  is ad ju sted  . 
(approxim ately) w ith d is tille d  w a te r by the r a te  con tro l v a lv e . A fte r ad justing  
the  d e s ired  r a te  the-valve re m a in s  a t  the s e t  opening and the ru n  is in itia ted  
by sw itch ing  the th ree -w ay  stopclock  to the feed  p o sitio n . Sam ples a r e  obtained
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a t  the  r e a c to r  o u tle t a t  p re d e te rm in e d  in te rv a ls  of tim e . Sam ple in te rv a l w as 
15 to  30 seconds fo r a  d u ra tio n  of 8 to  10 m in u te s . A ll liqu id  th rough  the r e a c ­
to r  including sam p le  volum e w as co llec ted  to obtain  a  p re c ise  flow  r a te .  A nal­
y s is  of the sam p les  w e re  p e rfo rm e d  w ith the S ilv e r E lec tro d e  o r  the L iquid  
S c in tilla tio n  C o u n te r. F ig u re  20 is  an  exam ple of the  rough d a ta  obtained fro m  
an  in te r  d iffusion  ru n . Note th a t the o u tle t co n cen tra tio n  app ro ach es  the in le t 
co n cen tra tio n  as ru n  tim e  in c re a s e s .
b .  A S e lf-d iffu sion  R un
The se lf-d iffu s io n  ru n  w as p e rfo rm ed  d iffe ren tly  than the  in te rd iffu sio n  
ru n . A re a c to r  c h a rg e  of r e s in  in  the b ica rb o n a te  fo rm  was t re a te d  fo r a p e rio d  
of tw en ty -four h o u rs  w ith a  0 .1 0 0  N . NaCl so lu tion  tagged w ith C l-3 6 . T his 
p laced  tagged C l-36 on the r e s in .  The feed  so lu tion  to  the r e a c to r  contained  
un-tagged  0 .100 N . N aC l. F ig u re  21 is  an exam ple of the rough  data  obtained  
fro m  a se lf-d iffu sio n  rim . N ote th a t the ou tle t co n cen tra tio n  of C l-36 app roaches 
z e ro  as ru n  p ro c e e d s .
2 . F in a l E x p e rim en ta l D ata  
. a .  In te r  d iffusion D ata
G raph ical in teg ra tin g  the  rough  re a c to r  da ta  of the  exchange flux allow s 
d e te rm in a tio n  of the r e s in  co n cen tra tio n  of the en te r in g  ion, , w ith tim e .
As was poin ted  out in Section A of C hap ter IV , the r a te  of flow p a s t  the r e s in  
beads m u s t be in c re a se d  until the  condition of p a r tic le  d iffusion is  co n tro llin g .
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F ig u re  22 show s av erag e  r e s in  phase  co n cen tra tio n  of the  e n te r in g  ch lo rid e
ion , CCI , as  a  function of c o n tac t tim e  fo r  v a r io u s  lin e a r  flow  x 'a te s . L in ea r
ra te s  in  c m /m in  a re  ca lcu la ted  as being fo u r tim es  the v o lu m e tric  flow ra te
vldivided by the bed a r e a .  T he bed a r e a  fo r  all- ru n s  w as 13 .85  cm  . The fa c to r  
of fou r is  u sed  b ecau se  fo r  a  bed of c lo se ly  packed  sp h e re s  of u n ifo rm  s iz e , the  
bed  voids a re  about 25% of the  bed vo lum e.
In o rd e r  to d e te rm in e  fra c tio n a l cap ac ity  of the  e n te r in g  io n , X ^( , the 
effective  cap ac ity  of the r e s in  fo r  each  ru n  m u s t be known. In sp ec tio n  of 
F ig u re  22 show s th a t th e re  is  no c o n s is ta n t tre n d  of c h lo rid e  up tak e  w ith lin e a r  
flow  r a te .  N ote th a t Hun 68-9  fa lls  below  Hun N o. 3 although i ts  r a t e  is  n ea rly  
tw ice th a t of No. 3. T he e ffec tive  r e s in  cap ac ity  of a  w eakly b a s ic  r e s in  is  a  
s tro n g  function of the pH a s  in d ica ted  in Appendix A . pH v a lu es  of th e  feed 
v a r ie d  fro m  6 ,4 8  to 6 .8 3  w hich is  a  s ig n ific a n t v a r ia tio n . T h e se  in le t  pH v a lu es  
w e re  below  the  ran g e  u sed  fo r eq u ilib riu m  study  and e ffec tive  c ap a c ity  data w as 
obtained by o th e r m eans .
I t  is  p o ssib le  to f i t  each  c u rv e  w ith the re la tio n
Setting "t. = 6 0 ( i . e .  ex tro p o la tin g  to la rg e  tim es) allow ed p ro c u re m e n t of the 
cap ac ity  a t  la rg e  tim es  w hich should be the  effective  cap ac ity  fo r  the  p a r tic u la r  
ru n  co n d itio n s :
C®, "  an tilo g  C L  (59)
A fte r effective  cap a c itie s  a r e  obtained  fra c tio n a l cap ac ity  w ith  c o n tac t tim e is
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im m e d ia te , F ig u re  23 . T h is p lo t re v e a ls  th a t a  l in e a r  flow r a te  of 79 .7  to 
37 .5  c m /m in . is  w ith in  th e  re g io n  of p a r t ic le  d iffusion c o n tro l. Even the data  
a t  5 0 .5  c m . / s e c .  is  ap p ro ach in g  th is  condition . T hese  p a r t ic le  diffusion l in e a r  
flow  ra te s  a r e  in  a g re e m e n t w ith  th ose  re p o r te d  by Boyd (6) and m uch h igher 
than  those  of Kuo (13) and R ao (14).
b . S e lf-d iffu sio n  D ata
Once the  lin e a r  r a te  fo r  the p a r t ic le  d iffusion  co n tro llin g  condition w as 
e s ta b lish e d , a  s e lf  d iffusion  ru n  w as p e rfo rm e d . T his d a ta  w as obtained a t  a 
flow  r a te  of 0 4 ^ 2 .c m /s e c . T h is  da ta  w as handled s im ila r  to th a t of the in te r ­
d iffusion  d a ta . F ig u re  24 show s the  ch lo rid e  se lf-d iffu sio n  d a ta  along w ith  the 
C l"  -  HCO^ in te rd iffu sio n  d a ta . N ote th a t the  se lf-d iffu sio n  da ta  approached  
eq u ilib riu m  m o re  ra p id  than  the  in te r  d iffusion d a ta  ind ica ting  the  HCO^ ion 
d iffu ses a t a  s lo w er r a te  than  the  C l"  io n . D ata fo r  a ll ru n s  ap p ea rs  in 
Appendix C .
' x ' s p u o / l f j  VO/j-VJ.j. Ml’ :> MOQ H fSS^f f V U O t . p - p j j
LQ^FiguLte. Z F t F r a c t io n a l  Fes/ft Con c eri -fra. iion Chloride ajiih C ontact Time-
Resin: IRA ~&8
5 4GL
C! Sel '^c/i^as/oyi }o Ran S8‘/OS 184,2cm./sec. . 
Cr-HCO; X V \ f E r d r ^ a s ? on ,  B a n  6  8  ‘7 ,8 7,5cm./ s e c .
^0 / S O  J O O
Cont-act Time f Secono/s
i miwj AM.. ."i '.I apj360
<3
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CHAPTER VI
ANALYSIS OF PA R TICLE DIFFUSION CONTROLLED EXCHANGE
The m o st d e s ira b le  m ethod  of ob tain ing  ion exchange k in e tic  da ta  is  
th rough  an ex p erim en ta l technique w hich ap p ro ach es  the id e a liz e d  ’’in fin ite  
so lu tion  volum e” cond ition . T he only changing v a r ia b le  is  the  co n cen tra tio n s  
of ions in  the exchange r e s in .  In  c h ap te r  fo u r is  p re s e n te d  a  m odel fo r the  
d iffusion  p ro c e ss  o ccu rin g  in  a  s p h e r ic a l r e s in  p a r t ic le .  T h is  m odel defines 
a  d iffusion co effic ien t w hich is  dependent on the  ion co n cen tra tio n s  of the r e s in  
p h ase  and is  developed to the  p o in t of an  in te g ra l in te rd iffu s io n  coeffic ien t.
T h is in teg ra l in te r  d iffusion  co effic ien t is  the  sam e  c o e ffic ien t obtainable fro m  
k in e tic  da ta .
A ll in te rd iffu sion  and se lf-d iffu s io n  d a ta  m ay  be p re s e n te d  a s  a p lo t of X^vs. t ;  
w h ere  is  the frac tio n a l c ap ac ity  of the  exchanger occup ied  by the en te r in g  
ion and t  is  the tim e  of p h ase  co n tac t. T h is in fo rm atio n  a long  with the s o lu ­
tion  to the p a r tia l  d iffe ren tia l equation fo r  s p h e r ic a l g e o m etry  and the " in fin ite  
so lu tion  volum e" condition  m ay  be tra n s fo rm e d  to the  c o rre sp o n d in g  va lu es  of Dg 
vs. being the  in te g ra l in te rd iffu sio n  co effic ien t. T h is  tra n s fo rm a tio n  is
e x ac t s in ce  th e re  e x is t  and is  av a ilab le  an an a ly tica l so lu tio n . T his so lu tion  
tra n s fo rm s  the o rig in a l k ine tic  da ta  w ith its  a s so c ia te d  u n -s te a d y  s ta te -s p h e r ic a l  
g eom etry  conditions to a  s e t  of lin e a r  v a r ia b le s . T h is tra n s fo rm a tio n  w as p e r ­
fo rm ed  with an in te rp o la tin g  polynom ial as shown in  A ppendix B . All n u m e ric a l 
ca lcu la tio n s  w ere  p e rfo rm ed  by e lec tro n ic  c o m p u te r. The d iscu ss io n s  to  follow  
a re  a ll based  on the tra n s fo rm e d  da ta .
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T his study p ro v id es  b a s ic  k in e tic  da ta  fo r  the  in te rd iffu sio n  of C l- * and 
HCO" ions in  A m b erlite  IRA -6 8 . E x ten siv e  l i te r a tu r e  d a ta  by s ix  au th o rs  is  
a lso  em ployed to  am plify  and g ive su p p o rt to the  id e a s  p re s e n te d . T h is  body of 
pub lished  d a ta  is  u n d er the  conditions of p a r t ic le  d iffusion  co n tro lled  k in e tic s  
w ith  the added in fin ite  so lu tion  volum e r e s t r ic t io n .  F o r  the  pu rp o se  of an a ly s is  
i t  is  convenient th a t th e se  d a ta  be p re se n te d  in  p lo t fo rm . F ig u re s  25 th rough 
39 p re s e n t  f if teen  ind iv idual k in e tic  s tu d ie s  re p re se n tin g  th re e  types of r e s in  and 
s ix  io n s . The f ra c tio n a l r e s in  c ap a c ity , , is  the  independen t v a r ia b le  and 
the  re c ip ro c a l  in te g ra l in te r  d iffusion  co e ffic ien t, 1 /D j , is  the  dependent 
v a r ia b le . T ab le  4 con ta in s a  su m m a ry  of the  d a ta  p re se n te d  in  the f ig u re s .
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TABLE 4
SUMMARY OF INTEGRAL INTERDIFFUSION C O EFFIC IEN T DATA
Lgure E le c tro ly te E n te rin g E xiting
iSfo: R esin Solution Ion Ion Source
25 A m b erlite  IR A -68 0 .1  N . NaCl C l"  - C l" Thibodeaux
26 ' Dowex 50W-X8 2N . BaCla Ba++ - Ba++ Kuo, D av id (13)
27 Dowex 50W-X8
io£r*—to Na+ Na+ M orig , R ao (31)
28 Dowex 50W-X8 o . i N c r S r++ - S r++ M orig , Rao(31)
29 Dowex 50W-X8 1. ON. NaCl Na+ - Na+ R ao , D av id (14)
30 P o lysu lfon ic  A cid 0 .1N .K C 1 K+ T etenbaum  (7)
31 A m b erlite  IR A -6 8 0 . I N . NaCl C l"  - HCCT’ Thibodeaux
32 Dowex 50W-X8 2N . B aC ls B ++ - Na+ Kuo, David (13)
33 Dowex 50W-X8 2N . NaCl Na+ - Ba++ Kuo, D av id (13)
34 Dowex 50W-X8 0 . 5N . NaCl S r++ - Na+ M orig , R ao (31)
35 Dowex 50W-X8 0 .5 N . NaCl Na+ - S r++ M o rig , R ao (31)
36 Dowex 50W-X8 0 . IN . CuClj2. Cu++ - Na+ R ao, D avid (14)
37 Dowex 50W-X8 1. ON. CuCla Cu++ - Na+ R ao, D av id (14)
38 Dowex 50W-X8 2 . ON. CuCLj Cu++ - Na+ R ao, D av id (14)
39 Dowex 50W-X8 4 . ON. C u C la Cu++ - Na+ R ao , D av id (14)
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A . E x p e rim en ta l In te g ra l R es in  P h a se  In te r  d iffusion C oeffic ien t
T he diffusion co effic ien ts  p re se n te d  above a re  ex p erim en ta l re c ip ro c a l  
in te g ra l in te rd iffu sio n  and  se lf-d iffu sio n  c o e ff ic ie n ts . M o st p lo ts show  th a t fo r 
low  v a lu es  of X ^ ( X ^ n e a r  zero) a  h igh  re c ip ro c a l  co effic ien t is  m e a s u re d . 
F ig u re  26 does no t show  th is  bu t i t  should  b e  no ted  th a t they  contain  no data  fo r 
low  v a lu es  of X ^ (0 .12  is  the lo w est va lue  of fo r th is  p lo t) . T h is  p a r t i ­
c u la r  b eh av io r is  e n tire ly  in  acc o rd  w ith  th e  exchange a t  e a r ly  co n tac t tim es  
and  g ives su p p o rt to  the  hypothesized  in te g ra l in te rd iffu sio n  co effic ien t.
P r io r  to  co n tac tin g  the two p h a s e s , th e  r e s in  con ta in s a ll  of one ion and 
the  liqu id  p h ase  co n ta in s a ll of a n o th e r . Upon co n tac t th e re  is  an in fin ite  con­
c e n tra tio n  g ra d ie n t p re se n te d  to th e  en te r in g  ion b ecau se  th e  r e s in  co n ta in s 
none of i ts  s p e c ie s . If the  in te rd iffu sio n  p ro c e s s  is  d e sc r ib e d  by a  re la tio n  of 
the  fo rm
i t  is  obvious th a t a  in fin ite  r a te  of exchange is  dem anded. An in fin ite  tra n s fe r  
r a te  is  im p o ssib le  b u t m u s t alw ays be  f in i te .  F in ite  r a te s  a r e  m e a s u re d . The 
m a th e m a tic s  of p a r t ic le  d iffusion  co n tro lle d  exchange as a  consequence  p roduce 
v e ry  sm a ll va lues of in  an  a ttem p t to s a tis fy  the  equality  of E quation  (60). 
S m all v a lu es  of Dj. r e s u l t  in  la rg e  re c ip ro c a l c o e ff ic ie n ts . A re a so n  fo r  not 
ach iev ing  in fin ite  flu x es  is  given by H e lffe rich  and P le s s e t  (38). F o r  a  v e ry  
s h o r t  in it ia l  p e rio d  (sm a ll ) film  diffusion  m u s t be th e  r a te  co n tro llin g  s te p .
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A lso during  th e se  f i r s t  few  m inu tes of c o n tac t, th e re  is  a  sudden change in 
en v io rn m en t fo r  the  r e s in  p a r t ic le .  The p a r tic le  upon con tac t w ith  the exchang­
ing  ionfe phase  is  s im u ltan eo u sly  plunged in to  an e lec tro ly te  so lu tio n . Kuo (13) 
and  M orig  (31) show  th a t the r e s in  p a r tic le  d e c re a se s  in  s iz e  w hen p laced  in an 
e le c tro ly te  en v io rn m en t. A red u c tio n  in  s iz e  re s u lts  a fte r  the expulsion  of 
tifree1’ w a te r . T h is  w a te r  expulsion  and re s in  m a tr ix  co n trac tio n  m ay a lso  
co n trib u te  to th e  in itia l h igh  re s is ta n c e  (re c ip ro c a l co e ffic ien t) .
1. S e lf-D iffusion  C oeffic ien ts
The se lf-d iffu sio n  p ro c e s s  is  c h a ra c te r iz e d  by a  co n stan t d iffusion  co effi­
c ie n t a s  d isc u sse d  in  sec tio n  B1 of C hap ter 4 . F ig u re s  25 th rough  30 con tain  
d a ta  fo r  the se lf -d iffu s io n  k in e tic s . F ig u re s  26, 28 and  29 show d ra m a tic a lly  
the  e ffec t of a  co n stan t in tr in s ic  in te rd iffu sio n  co effic ien t on the  re c ip ro c a l 
in te g ra l  in te rd iffu sio n  co effic ien t. In  th e se  fig u res  the  co effic ien t m ain ta in s  a 
n e a r  co n stan t va lue  th roughout the re m a in d e r  of the exchange a f te r  the c h a ra c ­
te r i s t ic  high a t  the  s t a r t .  The rem a in in g  cu rv es  show  a  d e c re a s in g  co effic ien t 
w ell in to  the exchange and then  a lev elin g  off. This g rad u a l ap p ro ach  to  a 
c o n s ta n t value m ay  be due to the  film  re s is ta n c e .  T he  condition of p a r tic le  
d iffusion  co n tro llin g  is  n o t a tta in ed  fo r  e a r ly  s tag es  of the ex ch an g e .
2 . In te rd iffu s io n  C oeffic ien ts
The in te r  d iffusion  of two coun ter ion sp ec ies  should  p roduce  a re c ip ro c a l 
in te g ra l in te r d iffusion  co effic ien t that, v a r ie s  w ith r e s in  cap ac ity . A co n stan t
co effic ien t should  r e s u l t  only if each  sp e c ie s  d iffuses a t  the sa m e  r a te  ( ie . 
equ ivalen t s e lf -d if fu s iv it ie s ) . F ig u re s  31 th rough  39 show  tra n s fo rm e d  r e s u l ts  
fo r  in te rd iffu sio n  k in e tic s . A fte r  the in itia l h igh the re c ip ro c a l  in te g ra l 
in te r  d iffusion  coeffic ien t con tinues to v a ry  w ith  xA . S e v e ra l c u rv e s  re v e a l a  
tendency tow ard  slope  r e v e r s a l  fo r  la rg e  v a lu es  of , p a r tic u la r ly  F ig u re s  
34, 35, 37, 38 and 39. No explanation  can  be given fo r  th is  b eh av io r .
T h ese  p lo ts  show , u n ifo rm ly , a v a ry in g  re c ip ro c a l  in te g ra l in te r -  
d iffusion  co effic ien t unlike th o se  fo r  s e lf-d iffu s io n . T h is  continued  v a ria tio n  is  
due to  d iffe re n t se lf -d iffu s iv it ie s  of the  exchanging ion  s p e c ie s .  C h ap ter 4 , 
Section  D2 con tains th e o re tic a l c u rv e s  fo r  in te r  d iffusing  sp ec ie s  of ty p ica l 
va lence  com binations fo r the  c a s e  of = lOD^j and Dg = 10F ^ . Ion A is  
en terin g  and ion B is  ex iting  th e  ex ch an g e r. F o r  the c a s e  Dg = 10D^ the 
th e o r itic a l c u rv e s  p re d ic t a  r e c ip ro c a l  in te g ra l in te rd iffu sio n  co effic ien t th a t 
should in c re a s e  w ith  r e s in  c a p a c ity . T h is m eans th a t when the  exchanger 
con tains the  f a s te r  ion th e re  should  be an  in c re a s e  in  the r e s is ta n c e  co effic ien t 
w ith X ^  . None of the  p lo ts  show  th is  tre n d . M orig and Rao (31) have  shown 
fro m  se lf-d iffu s io n  s tud ies  th a t  No, + d iffu ses fa s te r  th an  S vF+ b u t in sp ec tio n  
of F ig u re  N o. 34 shows no r e v e r s a l  tre n d . T his sam e  c a se  is  ev iden t in 
F ig u re  32 w h ere  B arium  is  th e  s lo w er ion en terin g  to re p la c e  a  f a s te r  Sodium  
ion (13). T he th eo re tica l c u rv e s  do no t contain  any co n cen tra tio n  effec ts  th a t m ay
Tr~ ■
be o ccu rin g  fro m  po in t to p o in t th rough  out the  r e s in  b ead . T he cu rv es  w e re  
m ade p o ss ib le  only a f te r  f ra c tio n a l c ap ac ity  w as su b stitu ted  fo r  a v e rag e  r e s in  
co n cen tra tio n  (see  C hap ter 4 , sec tio n  D2 fo r  d e ta ils ) .
JB . E x p e rim en ta l R es in  P h a se  Ion D iffusion C oeffic ien ts
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C u rre n t m ethods of p red ic tin g  p a r t ic le  d iffusion co n tro lled  exchange a re  
the  F ic k s 1 law  m odel and th e  N e rn s t-P la n k  m o d e l. The P ic k s ’ law  m odel con­
s is ts  of av erag in g  the ex p e rim en ta l in te g ra l in te rd iffu sio n  co effic ien ts  and 
em ploying i t  a s  a co n stan t d iffusion  co effic ien t. The N e rn s t-P la n k  m odel goes 
a  s te p  f u r th e r . T h is m ethod  defines the  above av erag ed  in te g ra l in te r  d iffusion 
co effic ien t as the m utua l d iffusion  co effic ien t of the ion in itia lly  p re s e n t  in the  
ex ch an g e r. T h is defin ition  is  u sed  b ecau se  a ll  the n u m erica l re s u l ts  p roduced  
by H elffe rich  and P le s s e t  (38) a re  c a lcu la ted  w ith  th is cond ition . U sing th is  
m u tua l d iffusion co effic ien t, t  and a ,  a  co rre sp o n d in g  2" m ay be obtained fo r  each 
d a ta  po in t. S uperim posing  the  data  of v s . %  upon the  n u m e ric a l so lu tions 
allow  g ra p h ic a l p ro c u re m e n t of the m utual d iffusion  co effic ien t of the  en te rin g  
io n . T h ese  m utual d iffusion  co effic ien ts  a re  em ployed in  Equation  (39).
Solution of the n o n -lin ea r p a r t ia l  d iffe ren tia l E quation  (40) w ill n e a r ly  dup lica te  
the ex p erim en ta l d a ta . T h is  second  m odel has-b een  em ployed by H erin g  and 
B lis s  (15), Kuo and David (13), and B ao and D avid (14).
Both of the above m odels su ffe r  becau se  of g ro ss  s im p lif ic a tio n s . The 
N e rn s t-P la n k  m odel p ro d u ces  b e tte r  r e s u l ts  becau se  i t  c o n s is ts  of two e m p e r-  
ic a l m utual d iffusion  co effic ien ts  and an independent v a r ia b le  w hile the  F ic k s ’ 
law  m odel con tains only one e m p erica l co n stan t. The N e rn s t-P la n k  has the 
added com putation  d iffucu lties  b ecau se  of i ts  n o n -lin ea r n a tu re  w hile the F ic k s ' 
law  has no su ch  d ifficu lty . I t  is  p o ss ib le  to re ta in  the good a ttr ib u te s  of each  
m odel by em ploying the in te g ra l in te rd iffu sio n  co effic ien t developed in th is  w o rk .
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E quations (52) and (53) a r e  the  e x p re ss io n s  fo r  the re c ip ro c a l  in te g ra l 
in te r  d iffusion  co effic ien t as a  function  of ind iv idual ion d iffu siv ities  and the  
fra c tio n a l r e s in  c ap a c ity . I t  is  p o ss ib le  to f i t  th e s e  equations to  the tra n s fo rm e d  
d a ta  of l / D j  v s .  and d e te rm in e  th e  n e c e s sa ry  c o n s ta n ts . The equations 
a re :
l / o x  =  A + b Z i (60)
fo r  £  i - ^ a n d
l/Dx = A' +B'Xa (61)
fo r  s  .  A  m u ltip le  r e g re s s io n  com puter p ro g ram  (45) ev a lua tes  the 
com plex  n a tu ra l log  function  and p e rfo rm s  a s im p le  re g re s s io n  to y ie ld  values 
of A and B! V alues of A and B # a re  obtained  s im ila r ly .
T his r e g re s s io n  w as p e rfo rm ed  on the d a ta  shown in  F ig u re s  38 and
39. A verage  Ficks* law  diffusion coeffic ien ts w e re  a lso  ob tained  fro m  th is  d a ta . 
F ig u re s  40 and 41 show a co m p ariso n  of m o d e ls  in re p re d ic tin g  the  p a r tic le  
d iffusion  co n tro lled  exchange. T he in teg ra l in te rd iffu sio n  co effic ien t m odel 
does a  c o n s id e ra b ly  b e t te r  job of p red ic tio n . An ite ra tiv e  technique w as 
em ployed w ith th is  m odel s in ce  a  va lue  of is  needed b e fo re  an in te rd iffu sio n  
co effic ien t can  be  com puted . The i te ra tiv e  technique was in itia ted  by em ploying 
the  Ficks* law  co effic ien t fo r  the  f i r s t  t ry  and sw itch ing  to  E x p re ss io n  (60) fo r 
the  re m a in d e r  of the com puta tion . The p ro g ram  converged  w ithin a  d iffe ren tia l
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in  of 0.01%  w ith s ix  o r  le s s  i te ra tio n s .
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C . E x p e rim en ta l R es in  P h a se  Ion D iffusiv ities
1. D e term in a tio n  of Ion D iffusiv ities
In sp ectio n  of equation  (6!} and (52) re v e a ls  th a t  once the  r e g re s s io n  
co effic ien ts  A and B a re  obtained  1/D a and i /D o  a re  a lso  av a ilab le .
S im ultaneous so lu tion  of
'£ 4~Z8l Dn D.A
(62)
and
(S3)
r e s u l ts  in
t-= a -e far —
D’A
(64)
and
1  _
D
B
f e - A  " 1
L ** J (65)
T he co rre sp o n d in g  r e s u l ts  fo r  the c a s e  of - Z a ~ z b  is
a = A (66)
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and
i = A ' +ZB'. (67)
T his techn ique  a llow s ex p e rim en ta l d e te rm in a tio n  of the e ffec tiv e  ion d iffu siv ­
itie s  fo r  a l l  o r  p a r t  of the  e x p e rim en ta l d a ta .
T h e  ion d iffu siv itie s  com puted  in  the  above fash ion  a r e  n o t the ion diffu­
s iv itie s  em ployed in  th e  N e rn s t-P la n k  m o d e l. R e g re s s io n  E quations (52) and 
(53) w e re  obtained  a f te r  c o n cen tra tio n s  w ere  re p la c e d  w ith cap ac ity  t e r m s . 
T hese  epuations a r e  only v a lid  fo r  = 1 as d iscu ssed  in  sec tio n  D2 of 
C hap ter 4 . V ery  few  of the  ex p e rim en ta l cu rv e s  of l/D ^  v s .  X ^  extend  to 
values of Xy^ =1 how ever flu c tu a tio n  in the  d a ta  would void the  r e s u l ts  of su ch  
av ailab le  d a ta . T he follow ing techn ique w as developed to ob ta in  the l im it  of 
1/Dj. a t X ^  = l .
I t  i s  p o ss ib le  to  f i t  v a rio u s  s e ts  of the ex p erim en ta l re c ip ro c a l  in te g ra l 
in te rd iffu sio n  co effic ien ts  c o rre sp o n d in g  to sec tio n s  of the  independen t v a ria b le
a re  d e te rm in e d  fo r  each  band s ta r t in g  w ith  a ll the  data  po in ts and red u c in g  the 
band w idth  un til i t  in c ludes th e  fo u r la s t  points . T he  co rre sp o n d in g  ion d iffu siv ­
itie s  a r e  com puted  fo r  each  s e t  of r e g re s s io n  co effic ien ts  A and B . Ion d if­
fu s iv itie s  a r e  p lo tted  fo r  the co rre sp o n d in g  band w idth . E x trap o la tio n  of the
line  , X ^  . The sec tio n s  a r e  c a lle d  b a n d s . B ands a re  defined  by 
(68)
w here X ^  is  the v a lu e  of the s m a l le s t  X ^  in  the  se c tio n . R e g re s s io n  coeffic ien ts
p lo tted  d a ta  to B = 0 should y ie ld  the  lim itin g  v a lu es  of 1 /H ^  and l / D ^  , the
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ind iv idual ion  d if fu s iv itie s .
2 . Com pai-ison of Ion D iffu siv ities  to  S e lf-D iffu siv ities
T he above d e sc r ib e d  technique of d e te rm in in g  ion d iffu siv itie s  w as p e r ­
fo rm ed  on the d a ta  shown in  F ig u re s  31 , 32, 33, 34 , and 35. T ab le  5 show s 
ty p ica l re g re s s io n  d a ta , band w idth, and  com puted ion  d iffu siv itie s  fo r  a 
p a r t ic u la r  s e t  of d a ta . F o u r  of the five  above F ig u re s  w ere  ch o sen  b ecau se  
of th e  av ailab le  se lf-d iffu s io n  d a ta . F ig u re s  42, 4-3, 44, 45 and  46 show th e  
co rre sp o n d in g  B v s .  l / l ^  and l/D gs fo r  the  ex p erim en ta l d a ta . E x trap o la tio n  
of B to z e ro  y ie ld s  the  ion d if fu s iv i tie s . T ab le  6 show s the ion  d iffu siv ities  
along w ith s ta t is t ic a l  in fo rm atio n  of th e  ex trap o la tio n  p ro c e ss  . A lso show n a re  
v a lu es  of the se lf -d iffu s iv it ie s  of the ions in  the r e s in  p h ase .
1. C o rre c tn e s s  of the In teg ra l In te rd iffu s io n  C oeffic ien t Model
The above an a ly s is  of the  tra n s fo rm e d  exchange r a te  d a ta  showed th a t 
the p roposed  in te g ra l in te rd iffu sion  co effic ien t co n cep t is  c o r r e c t .  . F ive po in ts 
in  the  an a ly sis  su p p o rt th is  conclusion :
—D uring the beginning of the exchange th e re  e x is t a lo w er than n o rm a l 
in te g ra l  in te rd iffu sion  co effic ien t. T h is  is  to be expected  s in c e  during th is  
p e rio d  a  la m in a r liqu id  f ilm  th a t su rro u n d s  the r e s in  p a r tic le  h am p ers  exchange.
—E x p erim en ta l in te g ra l se lf-d iffu sio n  coeffic ien ts  show no v a ria tio n  in 
m agnitude w ith r e s in  co n cen tra tio n . S e lf-d iffu sion  co effic ien ts  a re  co n stan t,
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re s u lt in g  in  an  in te g ra l se lf-d iffu sio n  coeffic ien t which is  co n stan t.
—E x p erim en ta l in te g ra l in te rd iffu sio n  co effic ien ts  do change co n sid e rab ly  
w ith  re s in  p h ase  co n cen tra tio n .
—F ittin g  the ex p erim en ta l in te g ra l in tercliffusion coeffic ien ts  w ith  the 
developed in te g ra l  in te rd iffu sio n  co effic ien t re la tio n  allow ed p re c is e  duplication  
of the exchange r a te  d a ta .
—A unique lim itin g  p ro c e ss  w as developed to com pute ion d iffu siv ities  
f ro m  the re g re s s io n  coeffic ien ts  of the  f it ted  in te g ra l in te rd iffu sio n  co effic ien t 
re la tio n . T h e se  p re d ic ted  ion d iffu siv itie s  w e re  n e a rly  equal to the io n ’s s e lf -  
d iffu siv ities  w hich w ere  av a ilab le  fro m  independent exchange r a te  d a ta .
2 . Suggestions fo r  F u tu re  R e se a rc h
The e ffec t of ad so rb ed  c o -io n s  on the in te g ra l in te rd iffu sio n  co effic ien t 
can  be s tu d ied  by p e rfo rm in g  du p lica te  exchanges w ith  the  ’’in fin ite  so lu tion  
volum e’' condition and the ’’fin ite  so lu tion  vo lum e’’ cond ition . D uring  a  lim ited  
. b a th  ru n  the  co n cen tra tio n  of the  liqu id  phase  v a r ie s  and hence the ad so rb ed  
co -io n  co n cen tra tio n , w hile th is  does not occu r fo r  a  shallow  bed ru n .  C om ­
p a riso n  of th e  ex p erim en ta l in te g ra l in te rd iffu sio n  coeffic ien ts  should  show 
any effect of so rb ed  co -io n  co n cen tra tio n .
Exchange r a te  p red ic tio n s  when both film  and p a r tic le  e x e r t  s ig n ifican t 
re s is ta n c e s  a r e  not re l ia b le .  S low er than ac tu a l r a te s  a r e  u sually  p re d ic te d .
T h is  m a3r be  due the inc lusion  of the  in itia l high r e s is ta n c e ,  noted above
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fo r a ll  p a r tic le  d iffusion  e x p e r im e n ts , in  evaluation  of the e m p e ric a l in te r ­
d iffusion  c o n s ta n ts . In  o th e r w ords the  film  re s is ta n c e  is  e r ro n o u s ly  accounted  
fo r tw ice  producing  a  h igher th an  ac tu a l re s is ta n c e  and in tu rn  a  s lo w er exchange 
r a te .
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TABLE 5
STATISTICAL PA RA M ETERS, C f - H C C L f  ION DIFFUSIVITY DETERMINATIONS
N o. D ata B S E
« -7
A X10
• -7B X10 t
I / d x i o '
: HCO^
30 .872 0 .1 1 0 .62 .6872 -0 .6 7 7 8 -6 .8
«y-
- .6 6 8 5
25 .620 0 .0 1 0 .8 8 .3841 -0 .2 3 6 5 -1 2 .8 - .0 8 8 1
22 .517 0 .0 0 8 0 .8 5 .3399 -0 .1 7 5 7 -1 0 .8 - .0 1 1 5
18 .40S 0 .007 0 .69 .3076 -0 .1 3 2 0 - 5 .9 . 0395
13 .304 0 .006 0 .1 1 .2412 -0 .0 4 7 1 - 1 .2 .1470
4 .208 0 .0 0 8 0 .36 .4254 -0 .2 7 5 4 - 1 .0 - .1 2 6 4
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TABLE 6
COMPARISON OF ION DIFFUSIVITIES AND SELF-D IFFU SIV ITIES
E xchange
-H-S r ' ‘ E n te rin g  -  Na+ E x itin g
Na+ E n te rin g  -  Sr+ E x iting
S r++ Self-D iffusion  
Na+ S elf-D iffusion
D ata  R ec ip ro c a l D iffusiv ity
F ig u re
34
35 
28 
27
S r.++ N a
0 .3 4 X 1 0 7 - .0 3 X 1 0 7  -026
0 .48  X 107 0 .2 9  X  10^ .0 9 0 -
0 .7 8  X 101
0 .0 4 4 X 1 0
R ec ip ro c a l D iffusiv ity  
Ba++ No
Ba++ E n te rin g  -  Na+ E x itin g
Na+ E n te rin g  -  Ba++ E x itin g
32 0.19 X 107 0 .1 8  X 107  .019
33 4 .8 5 X 1 0 7  0 .033X  107  .730
Ba++ Self-D iffusion 26 1 .1 3 X 1 0 '
Na**7 Self-D iffusion 29 — — 0.063  X 10
C l“ E n te rin g  -  HCO~ E x itin g  31
C l“ Self-D iffusion  25
R ec ip ro ca l D iffu siv ities
Cl" h c o :
7  70.20 X 10 0 .2 3  X 10 .087
0 .1 0  X 10
.021
.025
.024
.430
.148
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IR A -68 EQUILIBRIUM
The exchange of io n s  w ith in  th e  re s in o u s  p h ase  can  be  re g a rd e d  as  a 
m e ta th e tic a l ch em ica l re a c tio n  betw een  the d isso lv ed  com pound and th e  co m ­
pound c o m p rised  of the  re s in o u s  exchanger and th e  ion w hich i t  c o n ta in s . The 
The o rgan ic  r e s in  m a tr ix  and the c o -io n  is  e ffec tive ly  an in so lu b le  ion of the 
opposite  p o la r ity  fro m  th a t  w hich i t  ex ch an g es . The s to ic h io m e tric  equation 
fo r  exchange is  w ritten  in  the  sam e  way as th a t fo r  a typ ica l ch em ica l re a c tio n , 
u su a lly  w ith R re p re se n tin g  the  in so lu b le  re s in o u s  m a tr ix  and  the  co -io n  en ­
c lo se d  in  b ra c k e ts .  The exchange re a c tio n  fo r  IRA -68 (b ica rb o n a te  fo rm ) in  
a  sodium  c h lo rid e  so lu tio n  is  re p re se n te d :
[R-M ]HC03 +N*CI [R-NH]ci + NaHC03 <a-i>
In  s im p lified  no ta tion  th is  re a c tio n  a p p e a rs :
Hcoi + c r  £= h c o 3 *a~  <a-2>
w h ere  the  b a r  in d ica tes  the  ion in  the  re s in  p h a se .
Ion exchange r e s in  IRA-68 i s  a  weakly b a s ic  c ro s s lin k e d -a c ry lic  anion 
exchanger (46) . IRA-6 8  is  p roduced  by the Rohm  and Haas C om pany, P h i l ­
ad e lp h ia , P en n sy lv an ia . T h is r e s in  is  em ployed in  d eac id ifica tio n , d e ion ­
iz a tio n , and d esa lin a tio n  of w a ter w h ere  only the  rem o v a l of s tro n g  ac id s  is  
d e s ire d  and deion ization  of p ro c e ss  l iq u o rs . A recen tly  developed p ro c e ss  
(47) em ploys IRA -68 and IRA -84 (weakly acid) is  a dual bed  exchange u n it.
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This p ro c e s s  has p ro m ise  fo r  d esa lin a tio n  of b ra c k ish  w a te r  and ren o v a tio n  of 
in d u s tr ia l w aste  w a te r  (47) . T a b le  A - l  co n ta in s  the  m a n u fa c tu re r’s d a ta  on 
IRA-6 8 .
Ion  exchange re a c tio n s  lik e  ch em ica l re a c tio n s  a r e  a ll governed  by m a ss  
ac tio n . T he fe a s ib il ity  of ion exchange r e s t s  on the  v e ry  fa c t  th a t th e se  ex ­
changes can  be r e v e r s e d .  C o n sid e rin g  E quation  A - l  th e  m a ss  action  eq u ili­
b riu m  c o n sta n t can  b e  w ritten  in  te rm s  of a c tiv itie s  as  fo llo w s :
* a K c 03] K r j / f e , / c a j f c j (A-3)
S ubstitu ting  the p ro d u c t of the co n cen tra tio n  and the a c tiv ity  coeffic ien ts  fo r 
a c tiv itie s
(A-4)A  - 1 [ c f i c o J [ c J j / [ c # t 0J [ c cl
w here
* ' = * ( i » , ) ( i V ( t J ( V
Since n o rm a lity  of th e  re s in  p h a se  and the  liqu id  p h ase  re m a in s  co n stan t
^  WCOj ^ C f  ~  C *  ^A~6
and
^  ( A ~ 7 )
VQl
If X i s  defined as th e  fra c tio n a l n o rm a lity  of an ion in  a  p h ase  ( i .e .  XC| = 
C ^j/C *) a  conven ien t re la tio n  f o r  the se le c tiv ity  co effic ien t re s u l ts :
TABLE. A - l  
M an u fac tu re rs  D ata  IRA -  68 (46, 47)
F u n c tiona l G roup -N(R)2
Ionic F o rm  A vailab le F r e e  B ase
D en sity , g r . / c c . 1 .06
Shipping W eigh t, lb s / f t^ 46
E ffec tiv e  s iz e ,  m esh 20 -  50
M o istu re  c o n ten t, % 60
T o ta l E xchange C apacity , m eg /g r. 5 .6
E x p e rim en ta l v a lues of K f th e  se le c tiv ity  co e ffic ien t, a r e  obtained by d e te r ­
m in in g  the co n cen tra tio n  of c h lo r id e  rem a in in g  in  the  liq u id  p h ase  a f te r  equ ili­
b r iu m  has b e e n  a tta in ed . T h is t re a tm e n t allow s finding K # fo r s tro n g  acid  
an d  s tro n g  b a se  ex ch an g e rs , but a  m o d ifica tion  is  needed  in  the c a s e  of weak 
a c id  and weal?: b a se  ex ch an g ers  (48).
If the  r e s in  is  in  the  b ic a rb o n a te  fo rm , exchange re a c tio n  A - l  o ccu rs  
w hen the r e s in  is  p laced  in  a  c h lo r id e  so lu tion  (Na C l ) , C h lo ride  ions now 
occupy som e exchange s i te s  w ithin th e  r e s in  and b ica rb o n a te  ions a r e  re le a s e d  
to  the liquid p h a se .
The eq u ilib ra tio n  p ro c e s s  fo r  a  w eak b a se  anion exchanger in an  aqueous 
so lu tion  is  a  com plex  phenom ena as  co m p ared  to  a s tro n g  b a se  anion exchange 
e q u ilib riu m . H e lffe rich  (49) po in ts out th a t w eak ba.se exchange g ro u p s such  
a s  R-NR^H**” lo se  a p ro to n , fo rm in g  unch arg ed  R -N R ^ when the pH is  high 
re s u lt in g  in  an  o p e ra tiv e  cap ac ity  w hich is  pH dependent. Kunin (50) draw s 
a n  anology betw een  w eakly  b a s ic  am ine  exchange r e s in s  in  the " f re e  b a se ” 
fo rm  and so lu b le  a m in e s . Soluble am ines io n ize  in  aqueous so lu tions a cc o rd ­
in g  to the e q u ilib r iu m :
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and p o ly m eric  am in es  behave quite  s im ila r ly :
R-nr', + H,o ^  R-nR'hr  + oh-.2  n  ' ‘ (A -10)
When th e  re s in  is  in an ac id ic  env io rnm ent
Ha 4- nz o ^  r3o1 + c r  <A-n>
the hydrox ide  ions m ay be re p la c e d  by the anion of the  ac id ,
R-NR'H1- + OH~ 4Hi 01-+Ci
(A-12)
the hydrox ide ions com bining w ith the hydronium  ion of the a c id . The n e u tra ­
liz a tio n  of the hydroxide ion  sh ifts  the eq u ilib riu m  of re a c tio n  A -10 to the 
r ig h t . A sh ift to the r ig h t r e s u l ts  in a  h ig h e r ion ized  re s in  and , in  tu rn , to a 
h ig h e r exchange cap ac ity  fo r  the r e s in  ( i . e .  m o re  ionized  s i te s  p ro v id e  m o re  
s ite s  fo r  ex change). Selke (48) su g g es t a lte r in g  the  n o rm al tre a tm e n t by 
allow ing fo r exchange g ro u p s w hich a r e  unavailab le  a t  a given pH . T his c o n ­
s is ts  of using  an  effective  to ta l cap ac ity  , C*, w hich is  a  function of pH . In  the 
n o rm a l tre a tm e n t a  fixed cap ac ity  is  a ssu m e d , bu t th is  a ssu m p tio n  is  only valid  
fo r s tro n g  b ase  re s in s  w hich  a re  com plete ly  ion ized  in  acid ic  o r  b a s ic  en v iro n ­
m en ts  .
U sing the above concep ts  the  follow ing explanation  is  p re se n te d  fo r IR A - 
68 eq u ilib riu m  in  a  N aC l so lu tio n . The O .lN .N aC l so lu tion  is  n e u tra l 
(pH JS 7 .0 ) . A t th is  pH th e re  is  m o d era te  ion iza tion  of the b ica rb o n a te  fo rm  
of IR A -6 8
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R - N R ^ C O i R - N R l  H  * "h RCO~ . <a - i 3>
HCOJ is  the  ion av a ilab le  fo r exchange. P lac in g  th is  r e s in  in  a  0. IN .N aC i 
so lu tion  re s u l ts  in  th e  re a c tio n
W :W W Ji'h -‘r f tc o .:  +cr ^
3  (A-14)
R~ hr + CI +A/a*~ + HC03
Sodium b ica rb o n a te  i s  now in the  liqu id  p h a se . H y dro lysis  o ccu rs  w ith tin s  
s a l t  of a  s tro n g  b a se  (NaOH) and w eak ac id  (H gCO g) re su ltin g  in  an ex cess  of 
hydroxide ions thus g iving the so lu tion  a high pH . T h is h igher pH d riv e s  the 
eq u ilib riu m  in  re a c tio n  A -13 to the  le f t re su ltin g  in d e c re a se d  ion iza tion  of the 
r e s in  and , in  tu rn , re d u c ed  c ap a c ity . Q uantita tively  th is  m ech an ism  im p lie s  
th a t an  in c re a se d  pH should  re d u c e  the  exchange cap ac ity  of IR A -68 .
E q u ilib riu m  d a ta  w e re  obtained  by con tac ting  a known am ount o r r e s in  
w ith a-known am ount of 0 . IN .N aC i so lu tio n . C ontact w as m ain ta in ed  fo r a 
tim e of no t le s s  than  24 h o u rs . T he p h ases  w ere  then  s e p e ra te d . C h lo ride  
an a ly sis  w as p e rfo rm e d  on the liqu id  phase  w ith a  B eckm an S ilv e r e lec tro d e  
(40) designed  sp ec if ic a lly  fo r ch lo rid e  d e te rm in a tio n . The eq u ilib ra tio n  
ap p ara tu s  d esigned , by F uch s (51) , w hich com bines te m p e ra tu re  co n tro l and 
co n stan t ag ita tio n , w as em ployed. Solid phase com position  w as obtained by 
d iffe ren ce .
T h irty  da ta  po in ts  (five s e ts  of s ix  runs) w e re  obtained fo r  the c h lo r id e -  
— b ica rb o n a te  exchange eq u ilib riu m . F o r  a ll  ru n s  the re s in  w as in itia lly  in  the 
b icarb o n ate  f o r m . T ab le  A-2 con ta in s the equ ilib riu m  d a ta .
TABLE A-2 
S um m ary  of E q u ilib riu m  D ata , R es in  IB A -6 8
T e m p e ra tu re  21°C
C Gt
*09
Cc t * PH
0.07531 5.482 8 .23
0.05956 3 .427 8 .23
0.05110 2 .9 9 8 8 .25
0.04333 2 .553 8.35
0.03808 2 .190 8.63
0.03454 1.056 8.82
T e m p e ra tu re  27°C
C£1 cct pH6* I
0.07476
VO
5.6818 9 .20
0.06593 4 .0871 9 .2 9
0.05606 3.1989 9 .3 5
0.04793 2.6262 4 .4 1
0.05824 3.7203 9 .30
0.03977 2 .0241 9 .4 8
T e m p e ra tu re  24°C 
C^, C „, pH
0.04747 2 .632 9 .21
0.05581 2 .816 9 .18
0.05679 3 .505 9.17
0 .06634 4 .307 9 .11
0.07647 5.589 8.99
0.08457 7 .088 8.81
T e m p era tu re s 28°C
c a PH
0.04028 2 .8 0 3 9 .3 1
0.03525 2 .6 2 4 9 .2 4
0.03352 2 .350 9.29
0.02902 2 .2 1 4 9.25
0.02658 2 .086 9 .25
0.01953 1.506 9 .28
continued —
TABLE A-2
CONTINUED
T e m p e ra tu re  31°C
0.07584 12.026 8 .98
0 .05906 9 .536 9 .17
0 .04540 3 .5 4 1 9.27
0.024-84 2 .6 6 7 9 .27
0 .00940 1 .019 9 .3 1
0 .00594 0 .5135 9 .3 1
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A  p lo t of r e s in  phase  co n cen tra tio n  w ith eq u ilib riu m  liqu id  ph ase  co ncen ­
tra tio n  ap p ea rs  in  F ig u re  A - l .  T h is p lo t is  un like the equ ivalen t p lo t fo r  a 
s tro n g  re s in  (48) when p lo tted  in  the  n o rm a l adso rp tio n -ex ch an g e  fash io n  (52).
The r e s in  co n cen tra tio n  shou ld  ap p ro ach  a co n stan t value w ith in c re a s in g  
liquid  phase  c o n cen tra tio n . T his v a lue  is  the r e s in  cap ac ity .
E x ten siv e  d a ta  an a ly s is  w as u n d ertak en  to  show quan tita tive ly  the  e ffec t 
of pH on IRA -68 eq u ilib riu m . T ab le  A -3 show s the conditions of te m p e ra tu re  
and pH of the r u n s . Even though A  pH w ithin each  ru n  w as le s s  than  one pH 
unit th e  effect of pH was h ighly  s ig n if ic a n t on the  so lid  p h ase -liq u id  p h ase  
eq u ilib riu m . A v e ry  s a tis fa c to ry  c o rre la tin g  equation  w as developed w hich 
p re d ic ts  re s in  p h ase  co n cen tra tio n  a s  a  function of liqu id  p h ase  co n cen tra tio n  
and liq u id  ph ase  pH . T h is  equation is
/o o  CCi ”  Ck -'r J iL +  p H  (A-15)
C
w h ere  Ce , is  r e s in  phase  c o n cen tra tio n ,
C6f is  liq u id  phase  co n cen tra tio n ,
G L  i  b , and bg  a re  r e g re s s io n  c o e ff ic ie n ts .
A ty p ic a l plo t of th is  equation  fo r a  fixed  pH a p p ea rs  in  F ig u re  A - l  s u p e r ­
im posed  on the  d a ta . T h is  cu rve  behaves m uch like  a  n o rm a l ab so rp tio n - 
exchange equ ilib riu m  ex cep t in the neighborhood of the o rig in . By em ploying 
th is  equation i t  w as p o ss ib le  to ob ta in  values of the se lec tiv ity  co effic ien t fo r 
the ch lo rid e -b ic a rb o n a te  exchange and to study the e ffec t of te m p e ra tu re  on the 
s e le c tiv ity  co effic ien t.
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TABLE A -3 
C onditions of the E qu ilib riu m  Runs
Run N o . T e m p e ra tu re , °C pH Range pH
1 24 8 .8 1 - 9 .2 1  0 .4 0
2 28 9 .2 4 - 9 .3 1  0 .07
3 31 8 .9 8 - 9 .3 1  0 .3 3
4 27 9 .2 0 - 9 .4 8  0 .2 8
5 31 8 .2 3 - 8 .8 2  0 .59
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M ultip le  re g re s s io n  techn iques allow  d e te rm in a tio n  of the  constan ts  of 
E quation  A -15 . T ab le  A-.4 show s the re g re s s io n  coeffic ien ts  along w ith o th e r 
s ta t is t ic a l  in fo rm atio n . T h is s ta t is t ic a l  an a ly s is  shows th a t bf and a re  
s ig n ific an t, ind ica ting  th a t liqu id  p h ase  co n cen tra tio n  and pH a re  im p o rtan t 
when d e te rm in in g  the  eq u ilib riu m  co n cen tra tio n  of the r e s in  p h a se . Both bt 
and b<j a r e  negative  w hich a g re e s  w ith th eo ry ; a s  liqu id  p h ase  concen tra tion  
in c re a s e s  r e s in  p h a se  c o n cen tra tio n  in c re a s e s ,  and pH in c re a s e s  r e s in  ph ase  
co n cen tra tio n  d e c r e a s e s . S ta tis tic a l p a ra m e te rs  of the pooled da ta  fo r a ll 
te m p e ra tu re s  and fo r  ind iv idual ru n s  ap p ea r in  T ab le  A-4 .
An im p o rtan t a sp e c t of E quation  A -15 is th a t i t  app roaches an asy m p to tic  
va lue  fo r  la rg e  v a lu es  of C . Talcing the  l im it of E quation  A -15 fo r  la rg e  Cgj 
and defining i t  as
w here  C is  the r e s in  phase  c ap ac ity . T h is e x p re ss io n  g ives a r e s in  phase 
cap ac ity  as a  function of pH a s  su g g ested  by Selke (48).
Em ploying E quation  A -17 a value of C fo r  each  value of pH was ob ta in ed . 
The f ra c tio n a l r e s in  cap ac ity  fo r  c h lo r id e , , w as then  ob ta ined . V alues of 
X c , and Xgi w e re  p lo tted  on a  n o rm a lized  eq u ilib rium  d ia g ra m , F ig u re  A -2 
(D ata ap p ea r in T ab le  A -5 ) . T h is d iag ram  is  lik e  tha t obtained  w ith  s trong
C
(A-16)
Cl
r e s u l ts  in
(A-17)
I
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TABLE A-4
S ta tis tic a l P a ra m e te r s  fo r R e g re ss io n  E quation (A-15)
Run Tem p. °C r* _ ± _____
21 0.0939 0.906 3 .0 1 0 -0 .0292 -0.2337 -1 .7 4 -0 .5 9
24 0.0390 0 .970 5 .4 4 0 -0 .0 2 8 0 -0 .4 8 0 -2 .4 3 -1 .8 5
27 0.0130 0.996 14.770 -0 .00145 -1 .5 2 0 -5 .5 2 -0 .2 3
28 0.0130 0 .990 2 ,3 7 0 -0 .0 1 0 0 -0 .1 8 1 -1 5 .9 -0 .8 3
31 0 .120 0 .970 16 .50 -0 .0 0 5 8 -1 .7 0 2 -5 .2 4 -3 .1 2
pooled 0 .192 0 .562 0 .8 2 1 -0 .00658 -0 .1 6 4 7 -5 .6 6 -0 .1 6
FIGURE A-2 RESIN IRA -68 EQUILIBRIUM-
NORMALIZED DIAGRAM
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TABLE A -5
-N o rm a liz e d  R es in  C o n cen tra tio n  Xgi w ith  N o rm alized  L iquid
C oncen tra tion
T e m p e ra tu re  21°C T e m p e ra tu re  24°C
0 .7531  0.7531
0.5956 0.5956
0.5110 0.5110
0.4333 0.4343
0 .3808  0.3808
0 .3454  0 .3454
g o —
0.4747 0.2629
0 .5581  0 .2721
0.5679 0.3348
0 .6634  0.3849
0.7647 0.4370
0.8457 0.4547
T e m p e ra tu re  27°C
l e i —
0.7476 >1
0.6593 0 .833
0.5606 0 .6 8 8
0.4793 0 .563
0 .5824  0 .7 5 8
0.3977 0 .446
T e m p e ra tu re  28°C
Xq   X c t _
0 .4028 0.5744
0 .3525  0.5238
0.3352 0.4776
0.2902 0.4428
0.2858 0.4172
0.1953 0.3061
T e m p e ra tu re  31°C
X c i  X ^ j ____
0 .7584  0.7245
0.5906 1.21
0.4540 0.6570
0 .2484 0.4948
0.0940 0.2240
0.059 0.1129
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ac id  and b a s ic  re s in s  and is  a lso  known as an exchange iso th e rm . T h is  d ia ­
g ra m  allow s d e te rm in a tio n  of r e s in  phase co n cen tra tio n  in  eq u ilib rium  w ith  a  
liqu id  p h a se . E x p re ss io n  A -17 is  va lid  only if the  liqu id  phase  pH is  w ithin 
the  in te rv a l o v er w hich the r e g re s s io n  an a ly sis  fo r  a  and b ^  w ere  ob tained . 
pH in te rv a ls  ap p ear in  T ab le  A -3 .
E ach  ru n  was p e rfo rm ed  a t  a  sp ec ified  te m p e ra tu re  and th e re fo re  each  
iso th e rm  p rov ides a  va lue  of the se le c tiv ity  co effic ien t defined by E quation  A-8 . 
A verage  va lu es  of K # w ere  obtained  fo r each  te m p e ra tu re  (Table A - 6) and 
th e se  r e s u l ts  ap p ear in  F ig u re  A -3 . This in d ica tes  th a t the  se lec tiv ity  
co effic ien t in c re a s e s  w ith te m p e ra tu re . The v a ria tio n  of the se lec tiv ity  co effi­
c ie n t w ith te m p e ra tu re  has been  re p o r te d  p i'ev iously  by (53).
/
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TABLE A-6
Tem berature~T)ependence of S e lectiv ity  C oeffic ien t ,
■*** ■
B icarb o n a te  on R es in  -  C h lo ride  in Liquid
CfT e m p e ra tu re  O
3
21 - — 0 .277
24 ' 0 .348
27 1 .609
28 1 .930
31 2 .5 1 4
Se
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APPENDIX B
INFINITE SOLUTION VOLUME CONDITION INTERPOLATION POLYNOMIAL
I t  is  n e c e s s a ry  to  so lv e  E quation  (27) in  r e v e r s e .  E x p e rim en ta l da ta  
fu rn ish e s  v a lu es  of XA ; th e  f ra c tio n a l r e s in  cap ac ity  of the exchanger o c ­
cupied by the  en te r in g  ion . T he co rre sp o n d in g  ^  re q u ire d  to  y ie ld  th is  
f rac tio n a l cap ac ity  m u s t be  ob ta ined . An e x p lic it e x p re ss io n  of "2^ - a s  a  fu n c ­
tion  of XA cannot be ob tained  fro m  Equation  (27). An a lte rn a te  p ro c e d u re  w as 
chosen  to  ob ta in  a  r e v e r s e  so lu tio n  to E quation  (27). This p ro c e d u re  c o n s is ts  
of obtain ing v a lues of fo r  chosen  v a lu es  of then  f ittin g  th e se  po in ts  w ith 
a  N ew ton 's In te rp o la tin g  P o lynom ial of the th ird  o rd e r  fo r su c c e ss iv e  in te rv a ls  
co n sis tin g  of fou r p o in ts . The dependent v a r ia b le  in  the in te rp o la tin g  polynom ­
ia l is  .
N ew ton’s In te rp o la tin g  P o lynom ial of the  th ird  o rd e r  i s :
(B -l)
w here  X a is  the independent v a r ia b le  w hose co rre sp o n d in g  '{ Z . is  d e s ire d ,
and X^j?a re  v a lu es  of c o rre sp o n d in g  to *2 ^ 0  ,  f  and 2 X
, f i r s t  o rd e r  fin ite  d iffe ren ce
second o rd e r  fin ite  d iffe ren ce
th ird  o rd e r  fin ite  d iffe ren ce
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and  R (X ^) is  the  e r r o r  te rm  n e c e s sa ry  fo r ob tain ing  e q u a lity .
By em ploying su c c e ss iv e  in te rv a ls  of fo u r points i t  is  p o ssib le  to  obtain 
th e  d iv ided  d iffe ren ces  re q u ire d  by Equation  ( B - l ) . A d iv ided  d iffe ren ce  tab le  
c o n s tru c te d  fo r  fo u r a r b i t r a r y  po in ts i s :
“  r
2 '  V Z ? 11
1 ,1
% r,&
T ab le  B - l  g ives the  1 s t ,  2nd, and 3 rd  o r d e r  divided d iffe ren ces  fo r  u se  in  
E quation  ( B - l ) .  The m agn itude  of the  e r r o r  te r m ,  R (X ^), w as analyzed  a t  
v a rio u s  in te rv a ls  and w as found to be  w ithin the  ex p erim en ta l e r r o r  so  th a t a 
v e ry  good ap p ro x im atio n  is  obtained  by neg lec ting  i t ,  thus obtaining E quation  (30) 
T h is  in te rp o la tin g  po lynom ial is  v e ry  a c c u ra te  b u t m u st be  em ployed fo r  va lues 
of XA b e t w e e n ^  •
TABLE B - l
D ivided D iffe ren ces  fo r u se  in  E quation  (30)
0 .0034 1 X 10” S Jk
3 X 10’ 6
8 .000  X 1 0 "*
0.0059
1.4583 X  10"S
.09017
0.0107 1 X 10"S
2 .5 9 7 4  X 10"3
.091128
0 .0184 3 X 10*S
4 .6053  X 10-3
.087690
0.0336 0 .0001
7.2993  X 10'3
.093218
0.0473 0.0002
9 .6 1 5 4  X 10“3
.096104
0.0577 0.0003
1.2121 X 10“2
.093145
0.0742 0.0005
1.6779 X 10"*
.10060
0 .1040 0 .001
2 .4155  X 10"*
.10360
0 .1454 0 .002
■ .032258
.11192
0 .1764 0 .003
.041667
.11910
0 .2244 0.005
.052910
.13104
0.2622 0.007
.064795
.14133
0.3085 0 .0 1
. Q90744
.16581
0.4187 0 .02
.13774
.25709
0.4913 0 .03
.17422
.19466
0 .6061 0 .05
.25157
.39810
0.6856 0 .07 .61922
continued
7 ' / /
,063333
. 12412
.15104
.073435
.072882
.13148
.034208
.081409
.059635
. 102226
.077896
.12658
.49843
.20978
.76223
.79198
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X A
'r J 'Z 'r A. *rn •JC---
0 .35337 1 .5392
0 .7705 0 . 1 0 .9 0 6 4 4
0 .45045 2.1067
0 .7927 0 .11 1 .1742
0 .50000 6 .0 3 5 4
0.8127 0 .1 2 1.6341
0 .58824 8 .5368
0.8467 0 . 1 4 2 .6 0 7 3 *
0 .83333 18 .4395
0 .9067 0 .19 4 . 6 5 0 4
1 .19048 4 6 .2 1 4 4
0 .9235 0 .21 8 .8328
i 1 .45990 101 .0193
0 .9372 0 .23 13.5403
1 .86340 218 .055
0 .9533 0 .26 2 2 .6 5 4 8
2 .5 0 0 0 513 .79
0 .9653 0 .29 41 .6 6 5 1
3 .3 7 0 8 1240 .8
0 .9742 0 .32 7 5 .7871
4 .5 4 5 5 3 2 80 .3
0 .9808 0 .3 5 142.706
6 .1 2 2 4
0 .9857 0 . 3 8
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APPENDIX C
R esin  IR A -6 8 P a r t ic le  D iffusion D ata
1. In te r  d iffusion  D ata:
HCOJ E x iting  -  C l E n te rin g
a.. Run 68 -  2 b :
l in e a r  r a te :  4 8 .5  c m ./m in .
tem p: 26 °C
C) = 4 .5 0  m e q ./g r a m .
tim e , s e c .   Ce> Xg |
34 .8  0 .0732 0.016
6 4 .8  0 .527 0 .117
125 1 .192 0 .265
185 1 .620 0 .360
245 1 .790 0 .438
\
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b . Run 6 8 - 3
l in e a r  r a te :  50 .5  c m ./m in .  
tem p : 25°C
C = 5 .5 0  m e q . /g r a m .
tim e , s e c .  - C c i -  J U t -
3 5 .2  0 .5 9 4  0 .108
6 5 .2  1 .203 0 .219
125 1 .978  0 .360
185 2 .8 7 0  0 .522
245 3 .465  0 .627
c .  Run 6 8 - 4  
l in e a r  r a te :  
tem p : 27°C 
C = 7 .518 
tim e , s e e .
16 .5
4 6 .5
7 6 .5  
107 
137 
167 
197 
227 
257 
287 
317 
347 
377 
407 
437
7 9 .7  c m ./m in .  
m e q ./g r a m .
0 .9 6 4
1.79 
2 .5 1  
3 .1 4  
3 .63
4.06  
4 .4 5  
4 .7 8  
4 .9 9  
5.37 
5 .57  
5 .70
5 .80  
5 .94
6 .06
0 .128
0.238
0 .334
0.418
0.438
0.540
0.592
0.636
0.664
0 .715
0.742
0.758
0.772
0.791
0.806
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d. Run 6 8 - 9
tem p : 29°C
C = 4 .1 1 0  m e q . /g r a m . 
t im e , s e c .  _ 3 h —
3 0 .6  0 .535  0 .130
6 0 .6  1 .144  0 .279
9 0 .6  1 .560 0 .380
121 1 .884  0 .459
151 2 .1 4 3  0 .523
181 2 .3 6 1  0 .576
211 2 .557  0 .624
241 2 .7 1 9  0 .663
271 2 .8 5 5  0.696
301 2 .992  0 .730
331 3 .076 0 .750
361 3 .1 6 5  0 .772
391 3 .250  0 .792
421 3 .332  0 .813
451 3 .419  0 .834
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2 . S elf-d iffu sion
C l E xiting  -  Cl E n te rin g  
l in e a r  r a te :  84 .2  c m ./m in .
tem p : 29°C
C = 1 .51  m e q ./g r a m .
t im e , s e c .
30 0 .160
60 0 .440
90 0 .659
120 0 .822
150 0 .953
180 1 .06
210 1 .1 4
240 1 .21
270 1 .26
300 1 .31
330 1 .35
360 1 .38
390 1 .41
420 1 .43
450 1 .45
480 1.47
0.106 
0 .292 
0 .435 
0 .544  
0.629 
0 .698 
0 .753 
0 .798 
• 0 .835 
0.867 
0.893 
0 .914 
0.932 
0.946 
0 .959 
0 .971
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